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Abatra&t: 

Supermaneuverability  is  defined  as  the 
capability  of  a  fighter  aircraft  to  execute 
tactical  maneuvers  with  controlled  side  slipping 
and  at  angi es  of  attack  beyond  maximum  lift. 
This  paper  deals  particularly  with  post  stall 
maneuverability  at  zero  side  slipping  since  this 
element  of  supermaneuverability  is  relatively 
unknown.  The  analysis  is  based  on  optimum 
control  calculation  of  simplified  maneuver 
elements  and  on  extensive  manned  and 
computerized  close  air  combat  simulation.  This 
analysis  explains  the  tactical  advantage 
observed  during  combat  simulations  and  leads  to 
the  definition  of  a  typical  maneuver  duty  cycle 
which  is  consistent  with  conventional  air  combat 
maneuvers  with  all  aspect  weapons.  Reference  is 
made  to  earlier  studies  about  maneuvers  with 
thrust  vectoring  and  thrust  reversal.  Finally, 
requirements  are  given  for  the  necessary  level 
of  thrust-to-weight  ratios  and  control  power 
including  indications  of  technical  solutions. 

1.  Introduction 

There  are  three  different  concepts  (fig.  1) 
of  improving  maneuverability  by  means  of  tilting 
engine  thrust: 

a)  Inflight  thrust  reversal 

b)  Thrust  vectoring 

c)  Post  Stall  maneuvering  (PST) 

.a)  has  been  considered  as  a  leccleration 
device  [1]  which  permits  to  slow  the  aircraft 
dcwn  rapidly  into  a  speed  regime  of  better  turn 
performance,  however,  it  does  not  directly 
contribute  to  maneuver  performance  in  tsrms  of 
improving  a  change  of  the  direction  of  flight. 

lb)  has  been  discussed  (2}  in  conjunction 
with  configurations,  such  as  the  BAe  Harrier. 
Thrust  vectoring  offers  an  additional  degree  of 
freedom  to  establish  a  maneuver  state.  However, 
it  requires  engine  exit  momentum  to  point  at  the 
aircraft  c.g.  over  the  vectoring  range,  which  is 
fairly  incompatible  with  afterburner 
installation.  A  noticeable  improvement  of  air 
ccebat  capability  has  been  demonstrated. 

(c)  is  the  subject  of  this  paper.  The 
engine  is  fixed  to  the  aircraft  fuselage  and 
thus  exit  momentum  Is  always  in  line  with  the 
c.g.  The  only  difference  to  a  conventional 
aircraft  is  the  requirement  for  large  angles  of 
attack  in  excess  of  maximum  lift  angle  of 
attack.  Post  Stall  flight  conditions  have 
already  been  demonstrated,  however,  tactical 
PTT-mareuvers  require  a  level  of  controllability 
far  beyond  that  of  contemporary  aircraft.  Also, 
the  tactical  advantage  was  unknown. 

There  is  similarity  between  the  concepts  (b> 
and  c).  For  both  concepts  the  gain  i  r. 
sustained  turn  performance  is  small  and  limited 
to  fibr«-:e  flight  conditions.  The  tactical 
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Fig.  1  Schemes  of  using  thrust  deflection  for 
maneuver  enhancement. 

advantage  is  based  on  short  term  and  highly 
instantaneous  maneuvers  and  the  achievement  of 
small  radii  of  turn,  (b)  could  even  include  (c) 
if  the  aircraft  were  allowed  to  exceed  the  stall 
limits.  In  a  PST-nar.euver,  however,  the 
advantage  of  thrust  vectoring  is  marginal  and 
may  not  justify  the  overall  design  penalties. 

The  tactical  advantage  of  P3T-ear.euver:ng  in 
short  range  air  combat  depends  on  the  weapons 
used.  There  is  a  change  in  combat  maneuver 
characteristics  [3]  caused  by  the  all  aspect 
capability  of  new  weapons  Ir.  ho  ad -on 
situations  particularly  instantaneous  turn 
performance  corntmed  with  small  turn  radii  has 
beer,  found  decisive.  The  r.ew  weapons  - 
including  radar  controlled  guns  ir.  ecmtlr.atlo.: 
with  sideslipping  flight  modes  -  will  inhibit 
further  improvements  of  air  ccabst  capability  by 
means  of  further  improved  energy 
maneuverability  (3).  Jew  maneuver  modes  -  such 
as  PTT-mar.eu ver: r.g  -  may  be  the  only  way  of 
achieving  substantial  improvements  in  close 
ecstat  effectiveness. 

Tactical  rgiulLa  ul  Air  iiXLAi  3  lai.al  ItM 

PTT  maneuvering  ha.s  been  the  sub  eci  of 
manned  ard  com; uteri  ted  dial  and  multiple  cental 
:  isolations  [  ’  ]  ~  JT].  T.gr.if  leant  observations 
arc  the  following  mar.cuve  harac  t  cr :  .*  1  ics: 


0 


5  sec  average  duration  of  a  PST 
maneuver 

o  101  of  total  engagement  rime  in  PST 
o  lower  tt«level  by  about  1  A  g 
o  lower  average  maneuvering  speed  by 
about  0.1  i  H 

and  tactical  advantages: 

o  quicker  into  firing  position 
maneuvering 

o  longer  a  firing  position  maintaining 
o  more  first  shoot  opportunities 

o  less  counter  hits 

o  easier  and  quicker  to  switch  alternate 
targets 

o  dictating  tactics  throughout  entire 
speed  regime 

o  core  missiles  deployable 

As  an  overall  result  it  was  found: 

exchange  ratio  in  dual  combat  with 
equal  weapons  against  an  opponent  of 
equal  conventional  maneuver 
performance  is  about  2:1 

exchange  ratio  in  multiple  combat 
remains  to  be  largely  dependent  on  the 
numbers  ratio,  however,  can  be 
significantly  improved.  For  example 
ir.  [4]  u  single  PST-capable  fighter 
was  ii'Ie  to  neutralize  tuo 
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Evaluation  if  Cupermaneuverab:  1  ity  in 
lua.  .ini  multiple  air  combat  with  all 
weapons,  results  of  comp -ter 

situation. 


conventional  opponents.  Computer 
simulations  [7]  involving  larger 
number."  of  opponents  are  showing  an 
increase  of  the  relative  advantage  of 
PST-tar.euvering  (fig.  2). 

A  large  amount  of  tactical  data  has  been 
gathered  in  core  than  3000  simulated  engagements 
cf  3  different  canned  combat  simulators  flown  by 
15  operational  pilots  cf  three  airforces. 
Still,  It  remained  somewhat  difficult  to 
precisely  understand  the  advantage.  Sometimes 
the  advantage  is  attributed  to  fuselage  pointing 
over  the  larger  »  -rarge.  Actually,  only  a 
relatively  small  number  of  gun  shots  have  beer, 
observed  during  PST-eaneuvers  and  a  missile 
firing  limitation  to  i  =  30°  did  not  lead  to 
ar.y  significant  degr*dation  of  tactical  success 


The  majority  of  firing  opportunities  occur*-! 
right  after  finishing  a  PDT-manouver  nnd 
returning  to  the  conventional  flight  regime. 
r ST  capability,  therefore,  must  be  interpreted 
as  a  maneuvering  scheme  rather  than  a  gimtelir.g 
device. 


..untied  simulations  (slicing  maneuvers). 

As  a  result,  the  aircraft  with  PST-capabi 1  ity 
was  able  to  dictate  the  tactical  course  of  the 
engagement.  Missile  capability  aid  not  allow 
the  conventional  opponent(s)  to  disengage. 
Overall  speed  and  loadfactor  was  observed  to  be 
lower  than  in  conventional  air  combat.  In 
particular,  there  was  less  time  at  limit  g- 
loadings. 

3.  Maneuver  anal / a la 

For  any  flight  condition  aircraft  attitude, 
velocity  vector,  power  setting,  altitude)  the 
maneuver  state  (longitudinal  and  lateral 
acceleration)  is  a  function  of  the  sum  of  all 
forces,  aerodynamic  forces,  engine  inlet  and 
exit  momentum.  The  analyse  shall  be  limited  to 
zero  sideslip  conditions  for  P.‘37-maneu"er  i ng . 
Fig .  (3)  and  fig.  (4)  are  results  of  mass  point 
ca’culations  for  a  particular  aircralt  drag 
polar  at  a  particular  altitude  and  fer  maximum 
engine  power.  Fig.  .3)  pertains  to  horizon. al 
flight  conditions. 


In  general,  the  pay-off  is  based  on  e-  trade 
of  loss  of  energy  versus  positional  and  time 
advantage.  A  proper  rfT-maneuver  preceedlng 
ahead-er.  engagement  provides  a  decisive  time 
advantage  at  a  momentary  expense  of  energy.  In 
multiple  engagements  the  loss  of  energy  seems  to 
be  ccafcr. sated  by  a  roll-rate  advantage, 
according  to  [aj.  In  order  to  convert  from  a 
right  hand  turn  to  a  left  hand  turn  against  an 
alternate  target  a  conventional  aircraft  would 
have  to  ur.lcad,  roll  and  re-load.  With  Pf-7 
capability  an  aircraft  could  roll  around  the 
velocity  vector  at  constant  -  very  high  -  angle 
of  attactf.  This  capability  was  deve.cfed  d-nr.g 


Fig.  (4)  describes  two  conditions  of  a  vortical 
maneuver,  t.he  highest  and  lowest  point  with  the 
velocity  vector  pointing  horizontally.  There  is 
a  f-EFsO  line  distinguishing  between  accelerated 
ar.d  de. tierated  maneuver  slates  and  there  are 
structural  and  maximum  lift  limits.  Ar.y 
combination  of  turn  rates  and  each  number 
corresponds  to  a  particular  radius  of  turn, 
"ig.  (3)  and  4)  are  specie!  cares  cf  sar.y  such 
;..agracs  for  ar,  infinite  r.ucter  of  flight 
conditions.  An  aircraft  maneuver  would  be  a 
sequence  cf  maneuver  states  at  continuously 
changing  flight  condition r.  Fig.  3'  and 
f:g.  4 •  indicate 


5  Comparison  of  minimum  time  maneuvers. 
Result  of  trajectory  optimizations. 


recovery  into  the  conventional  flight  regime 
with  only  a  few  seconds  of  persistence  at  PST- 
conditions. 

Fig.  (f)  is  a  time  history  of  the  same 
analytical  minimum  time  maneuver  as  shown  in 
Tig.  (5)  an  (6),  plotted  in  terms  of  rate  of 
velocity  vector  turn  vs.  speed.  It  shows  the 
type  of  PST-maneuver  cycle  which  also  has  been 
found  in  actual  combat  maneuvers.  In  comparison 
with  the  a  -limited  optimum  maneuver  the  PST- 
m^reuver  features  a  lower  average  rate  of  turn 
(l6°/s  against  22°/s)  but  less  total  cnange  of 
headings  and  a  significantly  smaller  average 
radius  of  turn.  Fig.  (3)  shows  the  energy 
management  of  both  the  conventional  and  the  PST 
maneuver. 

Of  course,  there  is  a  large  variety  of 
maneuver  types  for  which  PST-capabi 1 ity  can 
provide  an  advantage.  Mass  point  trajectory 
alculation  are  useful  but  limited.  Actual  PST- 
•aneu/er  performance  will  depend  upon  available 
ontrcl  power  and  dynamic  response.  Fig.  9  is  a 
juccary  of  simulator  trials  with  actual 
aerodynamic  and  mass  data  of  a  fighter  aircraft 
iesign,  for  which  a  suitable  control  system  was 
designed  incorporating  low  speed  control 
enhancement  by  means  of  t,r'r  efflux 

deflection  :n  pitch  and  yaw. 

For  certain  repeatable  maneuver  types  and 
for  a  given  limitation  in  angle  of  attack 
(abscissa  in  fig.  9)  pilots  were  trying  to 


j.  v  7  .  a  <?  h  i  s  t  o  :  y  of  minimum  ,  :;c 
maneuvers.  Result  of  trajectory 
optimimati .nr. 

the  point  of  departure  at  initial  speed  and 
altitude  (fig.  (5)).  The  same  aircraft,  howaver 
limited  to  maximum  lift  an&lo  of  attack  would 
follow  a  differerc  optimum  flight  path  and  need 
more  time.  Fig.  (6)  shows  the  associated  time 
histories  for  angle  of  attack  and  speed. 
Typically,  the  PST-maneuver  is  characterized  by 
a  rapid  pitch  up  to  PST-incidences  with  a  fast 
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minimize  the  time  to  accomplish  the  maneuver. 
Average  rate  of  turn  and  average  radius  of  turn 
improvement  throughout  each  maneuver  is  shown  in 
fig.  9. 

Simulated  air  combat  engagements  (both 
manned  and  computer  simulations)  have  been 
investigated  with  regard  to  common 
characteristics  of  PST-naneuvera.  Fig.  (10) 
shows  trajectories  of  a  typical  initial  phase 
engagement  of  two  opponents  with  equal 
conventional  performance.  Aircraft  1  is  limited 
to  maximum  lift,  aircraft  2  has  PST-capability 
up  to  70°  angle  of  attack  including  certain 
control  power  in  pitch  and  yaw.  Both  aircraft 
are  equipped  with  the  same  all  aspect  weapon. 
The  associated  tim~  history  of  turn  rate  vs. 
speed  ar.d  angle  of  attack  is  plotted  in 
fig.  (11)  and  fig.  (12).  Starting  at  high 
speed,  same  altitude,  and  a  typical  positional 
offset  opponents  are  pulling  maximum  g  and  then 
slow  down  to  best  Instantaneous  turn  rate  by 
means  of  gaining  altitude.  At  the  same  time  a 
smaller  radius  of  turn  would  help  to  get  the 
opponent  into  own  weapon  off-boresight  cone  and 
to  keep  the  opponent  from  achieving  the  same 
objective.  A  properly  scheduled  penetration 
into  the  PST-regime  enhances  both  the  slow  dowr 
and  the  minimum  radius  part  of  thb  combat, 
maneuver  without  a  significant  loss  of  turn 
rate. 

As  a  result  aircraft  2  achieves  its  firing 
opportunity  at  a  time  still  outside  of 
aircraft  1  firing  cone.  It  is  important  to  note 
that  this  firing  opportunity  occurs  shortly 
after  the  aircraft  has  returned  into  the  normal 
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iypicai  air  combat  engagement  of  a  PST 
fighter  against  a  conventional 
limited  fighter  with  ail  aspect 
weapons.  Result  of  computer  simula¬ 
tions. 


flight  regime.  During  the  PST-maneuver  the  Angle  Of  Attach  ['} 

weapon  was  even  pointing  away  from  the  target. 


Fig.  (13)  is  another  representation  of  the 
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Fig.  13  Typical  air  combat  engagement.  Re¬ 
lative  positions  of  opponents  and 
their  aspects  and  firing  opportunities 
Time  intervals  in  sec.  Result  of 
computer  simulations. 


-.«iine  engagement.  It  shows  how  the  pilots  in 
aircraft  2  (left  hand  side  of  fig.  (13))  »nd  in 
aircraft  1  (right  hand  side  of  fig.  (13))  would 
view  their  opponents  as  they  look  outside  their 
cockpit  windows.  Aircraft  symbols  in  fig.  (13) 
represent  the  actual  aspect  relative  to  the 
opponent  at  the  indicated  time  intervals.  The 
figure,  therefore,  also  shows  convergence  into  a 
firing  position  and  the  time  in  firing  position 
for  a  given  weapon  cone. 

Aircraft  2  performs  the  PST-section  of  the 
maneuver  (second  8  -  15)  far  outside  aircraft  1 
weapon  range  in  its  backward  look  angle  sector 
and  is  getting  a  first  firing  opportunity  in  ti.e 
23.  second  being  in  a  safe  beam  position 
relative  to  the  target.  There  is  active  firing 
time  without  counterfire  for  several  seconds 
until  the  opponent  would  pass  each  other  almost 
head  on.  The  pilot  of  aircraft  2  is  never 
looking  into  his  opponent  firing  cone  until  his 
first  missile  hits  the  target.  He  recovered  the 
energy  lost  during  the  PST-maneuver  right  after 
the  attack  against  aircraft  1  (fig.  H). 
Average  speed  of  the  PST-aircraft  observed 
throughout  many  simulated  dual  and  multiple 
combat  engagements  is  only  5  -  1 0 J  lower  as 
compared  to  the  conventional  opponents. 
Obviously,  the  aircraft  is  vulnerable  during  the 
high  angle  of  attack  phase  of  a  PST-maneuver, 
however,  the  pilot  has  always  the  option  to 
restrain  if  the  momentary  loss  of  speed 
constitutes  a  tactical  disadvantage  (provided 
conventional  performance  does  not  suffer  too 
ouch  from  its  incorporation  into  the  overall 


design) . 

PST-maneuver s  are  consistent  with  the 
general  dynamic  characteristics  of  air  combat 
with  all  aspect  weapons  [10].  There  is  the  same 
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overall  left  hand  maneuver  cycle  of  the  turn 
rate  vs.  speed  time  history  with  the  addition  of 
a  short  term  right  hand  cycle  excursion  into  the 
PST-regime. 

4.  PST  regime  and  requirements 

Limits  are  given  by  controleability,  engine 
power  and  structural  constraints  (fig.  15). 
Actual  usage,  however,  is  dictated  by  tactical 
advantages.  For  high  performance  aircraft 
(thrust-to-weight  >  1.0)  there  is  a  low  speed 
regime  of  possible  sustained  maneuver.  In 
combat,  however,  there  are  no  sustained 
maneuvers  (constant  maneuver  states);  excess 
thrust  is  always  used  to  re-accelerate  or  to 
gain  altitude.  As  a  general  rule  PST- capability 
requires 


sufficient  control  power  in  pitch, 
roll  and  yaw  at  mach  numbers  as  low  as 
0.1  and  Incidence  up  to  70°. 

High  angle  of  attack  compatibility  up 
to  70°  at  machnumbers  as  high  as  0.6 
{4000  m  altitude)  for  example  with 
regard  to  aircraft  stability  or  air 
intake  flow. 

Thrust/weight  ration  >  1.0  fig.  (76) 
shows  the  time  advantage  of  the 
optimized  PST-maneuver  (fig.  5)  at 
different  thrust-to-weigh t  ratios. 
With  decreasing  engine  power  the 
observed  maximum  values  of  angle  to 
attack  are  becoming  smaller.  At 
thrust-to-weight  rations  of  less  than 
0.6  there  is  no  tactical  advantage  in 
exceeding  maximum  lift  even  if  the 
capability  is  available. 

Sufficient  control  power,  particularly 
in  pitch  and  yaw. 


Tece  <*'3!  c" 


Fig.  15  The  PST  flight  regime  (aircraft 
dependent ) . 
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Fig.  16  Thrust  dependar.ce  of  the  time 
advantage  in  a  minimum  time  maneuver 
with  limited  PST  capability.  Results 
of  trajectory  optimizations. 

PST-maneuvers  are  characterized  by  high 
pitch  rates  and  rotation  in  yaw  and  roll  at  the 
same  time.  Coordinated  flight  with  zero 
sideslip  requires  rotation  around  tho  velocity 
vector.  Since  the  pilot  does  not  recognize  the 
velocity  vector  the  control  system  has  to  be 
mechanized  accordingly.  A  lateral  stick  input 
would  have  to  produce  more  yaw  and  less  roll  at 
increasing  angle  of  attack.  This  caused  some 
confusion  with  pilots  during  simulated  combat, 
because  a  pilot  tends  to  use  body  axis  as 
reference. 

As  a  result  of  manned  combat  simulations  a 
requirement  for  velocity  vector  roll 
acceleration  was  developed.  It  is  plotted  in 
fig.  (17)  as  a  function  of  angle  of  attack  for  a 
speed  of  M  *  0.2  at  6000  m  altitude.  A 
translation  in  body  axis  motion  shows  that  for  a 
conventional  aircraft  the  demand  for  roll  could 
marginally  be  satisfied  with  aerodynamic 
controls,  however,  for  pitch  and  yaw  a  control 
augmentation  would  be  required.  For  example,  a 
10®  conical  deflection  of  the  Jet  exhaust  would 
suffice  if  the  nozzle  actuation  meets  certain 
dynamic  requirements.  Such  a  nozzle  would  have 
to  be  integrated  in  the  aircraft  control  system. 
It  was  found  that  nozzle  control  is  an 
enhancement  of  handling  characteristics  and  thus 
combat  effectiveness  even  in  the  conventional 
flight  regime  beyond  10°  angle  of  attack. 

5. 

The  capability  of  exceeding  maximum  lift 
angle  cf  attack  -  Post  Stall  (PST)  maneuvering  - 
can  improve  future  close  air  combat 
effectiveness  to  a  degree  unachievable  by 
conventional  performance.  The  tactical 
advantage  is  attributed  to  a  combination  of 
fairly  high  turn  rates  and  small  turn  radii  at 
PST  flight  conditions  In  all  aspect  weapon 
environment.  PST  maneuvers  are  short  period  and 
highly  instantaneous  and  constitute  a  trade  of 
short  term  loss  of  energy  against  positional 
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advantage.  PST  maneuvers  are  an  extension  of 
conventional  combat  maneuvers.  PST 
maneuverability  requires  an  aircraft  to  be 
compatible  with  angles  of  attack  up  to  70°  at 
Mach  numbers  up  to  M  =  0.6,  a  thrust-to-weight 
ratio  of  at  least  1.0  and  a  level  of  control 
power  at  Macb-numbers  as  low  as  M  s  0.1  which 
can  not  be  achieved  by  aerodynamic  means  alone. 
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ABSTRACT 

Flow  mechanisms  that  can  generate 
wing-rock  type  oscillations  are 
described.  It  is  shown  that  the  slen¬ 
der  wing  rock  phenomenon,  the  limit 
cycle  oscillation  in  roll  observed  for 
very  slender  delta  wings,  is  caused  by 
asymmetric  leading  edge  vortices  and 
that  vortex  breakdown  can  never  be  the 
cause  of  it  as  it  has  a  damping 
effect.  For  that  reason  slender  wing 
rock  is  only  realized  for  delta  wings 
with  more  than  74  leading  edge  sweep 
for  which  asymmetric  vortex  shedding 
occurs  before  vortex  breakdown.  For 
straight  or  moderately  swept  wings  the 
flow  mechanism  causing  wing  rock  is 
two-dimensional  in  nature,  closely 
related  to  the  dynamic  stall  phenome¬ 
non.  Pointed  forebodies  provide  a 
third  flow  mechanism,  asymmetric  vertex 
shedding  sensitive  to  body  motion, 
which  can  generate  a  rocking  motion  of 
a  slender  vehicle  unless  it  is  com¬ 
pletely  axisymmetric. 


INTRODUCTION 


The  steadily  increasing  demands  on 
performance  expose  present  day  aerospace 
vehicles  to  unsteady  flow  fields  which 
generate  highly  nonlinear  aerodynamics 
that  exhioit  significant  coupling 
between  longitudinal  and  lateral  degrees 
of  freedom^'3.  The  complex  vehicle 
dynamics  are  caused  by  separated  flow 
effects  of  various  types,  which  have 
largely  eluded  theoretical  description. 
Consequently,  the  designer  is  to  a  large 
extent  dependent  upon  ex. sting 
experimental  capabilities  for  dynamic 
testing  ,  , where  dynamic  support 
interference J  adds  complexity  to  the 
already  complicated  separated  flow 
characteristics.  Thus,  it  can  be  rather 


difficult  to  obtain  a  true  description 
of  non-linear  pitch-yaw-roll  coupling 
phenomena  such  as  wing  rock  and  nose 
slice.  In  the  present  paper  existing 
experimental  results  are  examined  to 
obtain  a  description  of  the  underlying 
fluid  mechanics. 

DISCUSSION 


Recent  systematic  experiments 
performed  by  Nguyen  et  alb  provide  the 
information  needed  to  fully  describe  the 
fluid  mechanic  phenomenon  leading  to 
slender  wing  rock.  The  phenomenon  is 
similar  in  many  aspects  to  the  limit 
cycle  oscillation  in  pitch  observed  on 
blunt  cylinder-flare  bodies7".  Thus, 
the  roll  oscillations  of  an  80'  delta 
wing  are  self-excited  and  build  up  to  a 
limit  cycle  amplitude®  (Fig.  1),  an 
oscillatory  behavior  very  similar  to 
that  observed  for^  blunt-nosed 
cylinder-flare  bodies7'.  The  roll 
oscillation,  o  »„asin  -t  in  Fig.  1, 
induces  the  following  effective  angles 
of  attack  and  sideslip  (on  each  half  of 
the  delta  wing) . 


EFF 

■  arc  tan 

(tan  a 

cos  0  ) 

(1) 

EFF 

■  arc  tan 

(tan  a 

sir.  0  ) 

(2) 

It  can  oe  seen  that  the  main  effect 
is  the  induced  sideslip.  Thus,  one  can 
compare  the  C/ (;) -characteristics  for  a 
slender  delta  wing  ~  (Fig.  2a)  with  the 
C, ,.(<*) -character  istics  for  a 
cylinder-flare  body n  (Fig.  2b).  In  both 
cases  the  characteristics  change  in  a 
discontinuous  fashion,  and  are  likely  to 
be  associated  with  hysteresis,  both 
phenomena  typical  for  the  effects  of 
separated  flow.  The  aerodynamic 
stiffness,  C /  in  Fig.  2a  and  C...  4  in 
Fig.  2t.  increases  dramatically  when’ the 
discontinuity  is  encountered,  (with  or 


without  associated  hysteresis).  Both 
discontinuous  changes  of  the  aerodynamic 
characteristics  are  associated  with 
convective  time  lag  ef  fects7-s- 10  .  This 
causes  the  statically  stabilizing 
effects  to  become  dynamically 
destabilizing,  as  is  illustrated  in 
Fig.  3  for  the  cy lirder-f lare  body.  The 
separated  shear  layer  impacting  on  the 
flare  at  time  t,  when  u  (t)  ■  0,  was 
generated  by  the  nose  at  a  time 
increment  -t  earlier,  when  the  angle  of 
attack  wad  <*(t--it)  >  0.  Thus,  a 
residual  flare  force  exists  at  a(t)  -  0, 
which  drives  the  motion,  and 
consequently,  is  undamping. 

Thus,  the  statically  stabilizing 
separation-induced  flare  force  is 

dynamically  destabilizing.  It  is  shown 
m  Fef s.  7  and  8  how  the  unsteady 
aerodynamics  measured  for  large 

amplitude  oscillations  (  -  •* )  around 
-  *  0  can  be  predicted  from  static 

aerodynamic  characteristics  when 

accounting  for  the  convective  time  lag 
effect  (Fig.  4). 

A  sudden  change  of  the  leading  edge 
vortex  on  a  delta  wing  is  also 
associated  with  convected  time  lag 
effects,  as  is  illustrated  by  the 

experimentally  observed  formation  of  the 
leading  edge  vortex10  (Fig.  5). 
Accounting  for  this  time  lag  provided 
good  prediction  of  the  vortex-induced 
unsteady  aerodynamics  of  slender  delta 
wings  at  high  angles  of  attack111-  ,  and 
should  also  permit  the  effect  of  the 
discontinuous  aerodynamics  associated 
with  the  vortex  asymmetry  to  be 
predicted. 

Two  types  of  separation-induced 
discontinuities  occur  for  the  slender 
delta  wing.  Cne  is  caused  by  the 
breakdown  of  the  leading  edge  vortices. 
It  is  the  three-dimensional  equivalent 
to  airfoil  stall.  For  very  slender 
delta  wings  another  discontinuous  change 
of  the  aerodynamics  can  occur  before 
vortex  breakdown  due  to  asymmetric 
leading  edge  vortices.  The  asymmetric 
vortex  phenomenon  has  been  studied 
extensively  in  che  case  of  slender 
todies  ot  revolution 10  14  and  has 

teen  Observed  also  on  slender  delta 
wings1*  (Fig.  6).  Vortex  asymmetry 
occurs  before  vortex  breakdown  only  for 
very  slender  delta  wings,  ‘  16* 

according  to  experiments16  (Fig.  7).  in 
order  to  use  Fig.  7  to  explore  the 
effects  of  sideslip,  ,  and  roll  angle, 
o,  an  effective  apex  half-angle  is 
formulated  as  follows  (for  small  angles, 

\  15*,  15'). 

0\  '  3a 

■»t 

.10A  -  tana  sir.O 

•  J  .  cos  a  3 


The  Cj  evaluated  from  static 
measur  ement  for  a  70  delta  wing1' 
shows  the  effects  of  both  vortex  burst 
and  vortex  asymmetry  (Fig.  8).  The 
first  break  in  the  (^-characteristics, 
at  a  20°,  is  caused  by  vortex  burst  on 
the  windward  wing  half  (Pig.  9). 
Eqs.  (3a)  and  (3b)  give  *  24.3°  for 
o  »  20  ,  .?  ■  4  0  (C^  evaluated  for 

$  »  i4‘).  The  loss  of  lift  due  to 
vortex  burst  on  the  right  wing-half 
causes  the  observed  decrease  of  the 
derivative  magnitude  IC^-J  (Fig.  9.)  .  At 
a  ^  35'  one  obtains  »  15.1*  for 
J  «=  -4’,  giving  vortex  lift-off  on  the 
leeward  wing  half  (Fig.  9).  This  causes 
a  loss  of  lift  which  results  in  an 
increase  ot  the  magnitude  of  the  rolling 
moment  derivative,  IC^I,  in  agreement 
with  the  experimental  results  (Fig.  8). 
Even  more  erratic  -characteristics 
have  been  measured  on  an  86.5*  swept 
delta  wing9  (Pig.  10a).  The  expected 
behavior,  following  that  for  the  82.5'’ 
swept  delta  wing,  (  •  7.5*)  is 

indicated  by  a  solid  line.  The  zig-zag 
behavior  of  the  dotted  line  connecting 
the  experimental  results  can  be 
understood  if  one  studies  the 
(.<) -characteristics  (Fig.  10b).  It 
appears  that  between  J  ■  0  and  3  »  5’ 
the  vortex  asymmetry  switched  several 
times,  with  vortex  lift-off  alternating 
between  the  two  wing  halves.  A  static 
hysteresis  of  J  ■  t5*  is  indicated. 

Experimental  results6  demonstrate 
that  wing  rock  starts  before  vortex 
breakdown  (Fig.  11),  and  that  wing  rock 
is  associated  with  a  loss  of  the 
time-average  lift61-  (Figs.  11  and  12). 
It  is,  of  course,  to  be  expected  that 
the  "lift-off"  of  one  of  the  leading 
edge  vortices  13  (Fig.  6)  will  cause  a 
loss  ot  lift.  Thus,  wing  rock  is  caused 
by  the  vortex-asymmetry  and  not  be  the 
vortex  breakdown.  Figures  13  and  14 
illustrate  the  fluid  mechanical  reasons 
for  this.  At  an  °  -  \\  combination  where 
vortex  asymmetry  occurs,  the  wing  half 
with  the  lifted-off  vortex  loses  lift 
and  "dips  down",  rotating  around  the 
roll  axis  (Fig.  13).  As  a  result  of  the 
increasing  roll  angle  o  the  effective* 
apex  angle  \  is  increased,  Eqs.  (3a) 
and  (3b?,  and  the  vortex  attaches  again. 
This  produces  a  restoring  roiling 
moment,  the  positive  aerodynamic  spring 
needed  tor  the  rigid  tody  oscillation 
in  roll  (Fig.  1).  Due  to  the  convective 
time  lag  effect  discussed  earlier  the 
wing  is  dynamically  unstable  in  roll 
until  the  amplitude  has  reached  the 
limit  cycle  magnitude,  at  which  the 
damping  on  both  sides  of  the 

discontinuity  suffices  to  balance  the 
undamping  induced  by  it,  as  is 
illustrated  by  the*  cylinder-flare 
results  i«»  Fig.  4.  According  to  Fig.  13 
wing  reck  should  start  occuring  for  an 
80  delta  wing  (  ™A  *  10  '  at  »  '  , 

which  is  in  excellent  agreement  with 
experimental  results0. 


* 


Thus,  the  discontinuity  introduced 
by  the  vortex  asymmetry  has  all  the 
characteristics  needed  for  the  limit 
cycle  oscillation  in  roll.  Figure  14 
demonstrates  that  vortex  breakdown  is 
lacking  these  characteristics.  If  for 
some  reason,  due  to  external 
disturbances  for  example,  the  vortex 
burst  becomes  asymmetric,  as  is  sketched 
in  Fig.  14,  the  resulting  net  loss  of 
lift  on  one  wing  half  will  cause  it  to 
"dip  down".  This  increases  o  and 
thereby  ,  Eqs.  (3a)  And  (3b),  causing 
this  wing  half  to  penetrate  further  into 
the  vortex  burst  region,  and  no  switch 
to  a  restoring  moment  occurs.  The 
opposite  wing  half  gets  out  of  the 
vortex  burst  region,  generating 
increased  lift  that  adds  to  the 
statically  destabilizing  rolling  moment. 
Thus,  no  restoring  moment,  no  positive 
aerodynamic  spring,  is  generated  and  no 
rigid  body  o  -oscillation  is  possible. 
If  che  positiTe  spring  is  provided  by 
the  structure,  as  m  the  case  of  elastic 
vehicle  dynamics,  the  dynamic  effect  of 
the  vortex  breakdown  would  be 
dynamically  stabilizing,  damping,  as  the 
vorcex  burst  is  also  associated  with 
time  lag  effects.  Thus,  vortex 

breakdown  has  aerodynamic 

characteristics  completely  opposite  to 
those  needed  to  cause  slender  wing  rocx. 

Although  vortex  burst  cannot  cause 
wing  rock,  it  is  involved  in  the  cases 
of  wing  rock  observed  for  very  high 
angles  or  attack0  ,  ■«  N  35  (Fig.  9). 
Figure  15  illustrates  the  fluid 

mechanics  for  42'  and  ••  A  ■  10  ,  for 

which  a  limit  cycle  amplitude  of 
*  32  has  been  measured*'.  At  o  «  0, 

\\  ■  10  ,  asymmetric  vortex  burst 
exists.  The  wing  half  with  the  largest 
lift  loss  dips  down,  increasing  o  and 
•\.  When  w  ■  0  for  o  •  -11  and  the 

vortex-induced  lift  on  the  <.  ^osite 
leeside  wing  half  is  reduced 

dramatically  or  lost  completely,  a 
restoring  roiling  moment  is  generated. 
Because  of  the  integrated  damping 

effects  discussed  earlier  in  connection 
with  Fig.  13  the  amplitude  . o  has  to 
exceed  -o  •  11*  substantially  before  net 
zero  damping  is  reached  and  the  limit 
cycle  oscillation  called  wing  rock  is 
establ ished. 

Whereas  Nguyen  et  aT*  measured  no 
wing  rock  for  their  30’^delta  wing  below 
i  ■  27  levin  and  Katz1'*  measured  wing 
rock  already  at  *  •  20*  for  the  same 
leading  edge  sweep  (Fig.  16) .  This 
early  wing  rock  occurar.ce  is  probably, 
as  the  authors  suggest  ,  caused  by  the 
centerbocy  used  on  their  model  (see 
inset  m  Fig.  16).  The  smaller  limit 
cycle  amplitude,  ;  12*  Fig.  13) 

compared  to  . o  34  ,  which  was  the 
limit  cycle  amplitude  measured  by  the 
Nguyen  et  ai  at  » ■  27  ,  u  probably  aue 
to  the  lesser  vortex- induced  lo^ds 
existing  at  the  lower  angle  of  attack  *  . 


Nguyen 

et 

al  '  showed 

that 

the 

oscillations 

in 

roll  damped 

down  to 

zero 

amplitude  if 

the  80* 

delta 

oving 

(  ■  10'  » 

was 

yawed  to 

i  ■  10 

at 

^  ■  27 J  (Fig.  17).  This  is,  of  course, 
to  De  expected  as  the  windward  wing  half 
has  "A  >15’,  Eqs.  (2),  (3a)  and  (3c), 
leaving  it  outside  of  the  boundary  for 
asymmetric  vortex  shedding  (Fig.  13), 
whereas  the  leeward  wing  half  with 
<  5*  remains  inside  the  ingion  for 
vortex-asymmetry.  Thus,  neither  wing 
half  crosses  the  boundary,  and  the 
wirg-rock-inducing  discontinuity  is 
never  encountered.  Correspondingly, 
oscillations  in  yaw  around  J  ■  0  are 
damped  for  I .» I  ■  10  according  to  the 
experimental  results6  (Pig.  18). 

It  was  noted  by  the  authors  in 
Ret.  18  that  the  normal  force  measured 
during  wing  rock  was  below  that  measured 
in  static  tests.  Thus,  at  u  -  20  the 
mean  or  time  aver-. -je  normal  force  is 
C\’OR  -  0.64  for  -°ijm  *  14*  (Fig.  16) 
whereas  the  static  data  showed  to 

vary  from  CxoK  0-30  to  C  n*qr  0.65 
when  o  increased  from  0  to  15'. ‘  As  the 
static  data  show  no  rolling  moment  at 
■  o  ■  0  for  u  <■  32*,  it  is  obvious 
that  the  vortices  stayed  symmetric  in 
the  static  case,  whereas  in  the  dynamic 
test  vortex-asymmetry  must  have  been 
present  to  cause  the  wing  rock.  The 
likely  reason  for  this  anomaly  is  the 
large  centerbody.  Whereas  a  thin 
splitter  plate  of  similar  height  has 
been  found  to  trigger  early  vc-tex 
asymmetry  also  in  static  tests  by 
forcing  asymmetric  staanation  flow 
conditions  on  the  topside-'0,  the  lateral 
extent  of  the  center  body  m  Ref.  13 
apparently  allowed  symmetric  vortex 
formation  in  the  static  test.  As  a 
matter  ot  fact  the  wing  rock  motion 

was  not  self-induced  at  «  ■  20  *  but  had 
to  te  started  at  a  higher  angle  of 
attack,  in  which  case  it  would  persist 
when  the  angle  of  attack  was  reduced  to 
■  -  20  .  Even  at  ^  ■  35'  the  vortices 
remained  symmetric  for  15  seconds 
(Fig.  12).  This  cannot,  however, 
explain  the  big  difference  observed  at 
n  ■  30',  wnere  m  the  dynamic  test  with 
" v'  L  i  M  30*  C\oR  varied  between 
C  soR  *  0*96  and  0.5  whereas  the 

static  test  gave  1.23  and 

0.8  for  and  0  ■  30 

respectively.  In  this  case  it  is  the 
early  vortef^  burst  observed  in  the 
dynamic  test*'  that  is  the  likely  reason 
for  the  additional  lift  loss. 

In  regard  to  tne  usage  of  the 
results  m  Fig.  7,  which  are  obtained 
fer  symmetric  flow  conditions. 

«  ■  ■  0,  for  the  a  ays metric  flow 

conditions  discussed  m  Figs.  =* ,  12,  14, 
and  15,  the  following  needs  to  he  said. 
Whereas  vortex  hurst  is  relatively 
unaffected  by  the  presence  or  absence  of 
the  vertex  on  the  opposite  wing-half, 
the  asymmetric  vortex  shedding  is  very 


dependent  upon  the  "crowding*  of  the 
companion  vortex.  It  is  the  strength  of 
the  vortex,  represented  by  a  in  Fig.  7, 
and  the  closeness  of  the  opposite 
vortex,  represented  by  >>\  in  Fig.  7, 
which  together  determine  whether  or  not 
•lift-off"  of  the  vortex  will  occur.  In 
a  first  approximation  the  effect  of  side 
slip  on  the  "closeness  parameter"  can  be 
neglected.  That  is 

i*a>eff  *  [<Vl  4  <Vh]/j  «> 

It  is  shown  in  Ref.  19  that  the  vortex 
strength  and  associated  aerodynamic 
loads  are  determined  by  the  parameter 
»*/ \\  rather  than  by  u  alone. 
Consequently,  the  indicated  changes  cf 
•7^  in  Fig.  13  should  be  substituted  by 
changes  or  *  That  is,  the 

changes  would  occur  in  the  vertical 
rather  than  in  the  horizontal  plane. 
The  conclusions  would,  however,  be  the 
same  m  regard  to  the  effects  of  roll 
i  n  3 1  e  o  . 

In  Ref.  21  1  simple  analytic  method 
:s  presentee,  which  can  predict  the 
limit  cycle  amplitude  for  the  wing  rock 
oscillations  measured  by  Nguyen  et 

»1® . 


WING  ROCK  OF  NON-SLENDER  WINGS 

A  completely  different  flow  mecha¬ 
nism  is  the  cause  of  wing  rock  of 
straight  or  moderately  swept  wings.  It 
is  closely  related  to  dynamic  stall. 
The  experimental  results in  Fig.  14 
illustrate  that  plunging  oscillations 
of  an  airfoil  can  be  undamped  in  the 
stall  region.  It  is  shown  in  Ref.  23 
that  this  will  be  the  case  if  the  stall 
is  associated  with  a  significant  loss 
of  lift.  It  is  the  "leading-edge  jet", 
the  moving  wall/wall  jet  analogy  dis¬ 
cussed  in  Ref.  24  (Fig.  15),  that  pro¬ 
duces  the  negative  aerodynamic  damping 
in  plunge22  shown  in  Fig.  14. 

If  an  aircraft  is  perturbed  when 
flying  close  to  stall,  the  down-rolling 
wing  half  will  experience  the  upstream 
moving  wall  effect  illustrated  for  the 
down-stroke  in  Fig.  15.  As  it  promotes 
separation,  the  loss  of  lift  is 
increased  beyond  the  static  lift  loss, 
more  the  higher  the  plunging  rate  Z 
is.  This  generates  a  rolling  moment 
that  drives  the  motion,  i.e.,  it  is 
undamping.  The  delayed  stall  due  to 
downstream  moving  wall  effects  on  the 
opposite  wing  (upstroke  in  Fig.  15) 
will  add  to  the  undamping  rolling 
moment . 

Thus,  the  induced  effects  of  the 
local  plunging  velocity  Z  will  diive 
the  wing  in  roll.  What  stops  the  wing 
rolling  motion  to  produce  wing  rock? 
Eq.  (1)  and  Fig.  14  give  the  answer. 


When  the  roll  angle  0  has  been 
increased  enough  to  cause  a£FP  to 
decrease  below  asTAIX  on  the  down¬ 
going  wing  half,  the  flow  will  reattach 
to  generate  the  lift  needed  to  produce 
a  restoring  rolling  moment;  the  aero¬ 
dynamic  spring  needed  for  wing  rock,  as 
was  described  earlier.  The  flow  reat¬ 
tachment  is  associated  with  time  lag 
effects25,  creating  negative  aerody¬ 
namic  damping  to  be  added  to  the  "lead¬ 
ing  edge  jet"  effect  discussed  ear¬ 
lier.  Thus,  the  condition  for  wing 
rock  exists  also  for  a  conventional 
wing. 

Associated  with  wing-rock  is  the 
oscillation  in  yaw  called  nose  slice. 
The  down-rolling  wing  half  will  move 
back  due  to  the  stall-induced  drag 
increase.  The  increased  leading  edge 
sweep  angle  will  promote  flow  reattach¬ 
ment,  thus  reinforcing  the  aerodynamic 
spring  of  the  wing  rock.  For  a 

straight  or  moderately  swept  wing,  the 
side  slip  due  to  nose  slice  will  domi¬ 
nate  over  the  roll-induced  side  slip, 
•?EFF  in  E3*  (2),  as  Q  is  small.  The 

opposite  is  true  for  a  slender  delta 
wing  where  the  drag  increase  due  to 
nose  slice  is  small  and  ^EFF  i*  the 
dominant  side  slip  component  (  a  is 
large  in  Eq .  (2)).  Thus,  one  expects 

the  coupling  between  wing  rock  and  nose 
slice  to  be  weak  for  highly  swept  wings 
and  strong  for  straight  or  moderately 
swept  wings. 


BODY  ROCK 

That  a  pointed  forebody  can  provide 
a  third  mechanism  for  wing  rock,  or 
body-roc*,  was  demonstrated 

recently2®.  Wings  and  tail  surfaces 
could  be  removed  from  the  model  of  an 
advanced  aircraft  without  stopping  the 
rocking  motion.  Obviously,  it  must  be 
the  vortices  shed  from  the  pointed 
forebody  that  supplied  the  driving 
mechanism  for  this  body  rock  motion. 
It  has  been  established  that  the  forma¬ 
tion  of  asymmetric  body  vortices ^can  be 
dominated  by  the  body  motion27,  and 
that  the  vortex  that  is  not  lifted  off 
moves  inboard  to  remain  very  close  to 
the  surface  near  the  centerline  of  the 
body26'  29  (Fig.  16).  Placing  the 
cockpit  in  the  inset  sketch  of  Fig.  16 
and  considering  the  data  by  Fidler-1-2 
(Fig.  17).  one  starts  to  see  what  this 
third  flow  mechanism  is. 

It  is  shown  in  Ref.  j  1  that  at  a 
critical  Reynolds  number  negative  Mag¬ 
nus  lift  of  large  magnitude  will  be 
generated  at  very  modest  rotation  rate 
on  a  circular  cylinder.  it  is  described 
in  Ref.  2  7  how  this  flow  phenomenon, 
which  is  caused  by  moving  wall  effecto 
on  boundary  layer  transition,  can 
explain  the  results  in  Fig.  17.  That 
is,  the  direction  of  even  a  very  slow 
r  'ration  ietersmes  the  S'irection  of 


the  vortex  asymmetry.  Based  upon  these 
results,  one  obtains  the  picture 
sketched  in  Fig.  18  for  the  vortex- 
induced  effects  on  the  cockpit. 

At  t  *  ‘4  the  body  receives  a 

rotational  perturbation  as  indicated. 
The  upstream  moving  wall  effect  causes 
transition  to  move  ahead  of  flow  sepa¬ 
ration,  thereby  changing  the  separation 
from  subcritical  to  the  supercritical 
type  indicated  in  Fig.  18.  The  down- 
steam  asymmetric  vortex  close  to  the 
body  generates  suction  on  the  cockpit, 
thereby  driving  the  rolling  motion. 
At  t  «  t2*  the  cockpit  has  rotated  to 
a  position  where  it  interferes  with  the 
flow  separation,  triggering  a  change 
from  supercritical  to  subcritical  type 
separation.  This  generates  a  restoring 
rolling  moment,  which  will  reverse  the 
roll  direction  at  some  time  between  t  * 
t2  and  t  ■  13.  At  t  1  tg  the 
roll  rate  is  large  enough  to  cause 
transition,  changing  the  flow  separa¬ 
tion  from  subcritical  to  supercritical 
and  generating  a  driving  rolling  moment 
at  O  *  0,  as  is  indicated  for  t  = 
*3.  The  situation  is  somewhat  simi¬ 
lar  to  that  for  slender  wing  rock  dis¬ 
cussed  earlier.  That  is,  a  switch  of 
vortex  asymmetry  generates  the  aero¬ 
dynamic  spring,  and  the  associated  time 
lag  generates  negative  aerodynamic 
damping.  The  difference  is  that  in  the 
present  case  of  body  rock  the  undamping 
is  amplified  by  moving  wall  effects. 

The  experimentally  observed  body 
rock*^  was  obtained  on  a  model  that 
only  had  the  roll  degree-o  f- f  reedom 
(DOF).  For  an  aircraft  in  free  flight 
the  asymmetry  will  generate  the  largest 
effect  in  the  yaw  DOF.  That  is,  the 
motion  will  be  nose-s 1 1 ce-dominated 
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o  Vortex  breakdown  has  a  damping 
effect  on  the  roll  oscillations 
and  can  never  cause  wing  rock. 

o  Thus,  slender  wing  rock  will 
only  occur  for  delta  wings  with 
more  than  74*  leading  edge 
sweep. 

o  Wing  rock  of  a  conventional 
wing  can  occur  at  stall  if  the 
stall  causes  an  abrupt  lift 
loss . 

o  Body  rock  can  be  generated  cn 
body  alone  by  asymmetric  vortex 
shedding  from  a  slender  nose  if 
the  body  is  not  completely 
ax  i  symmetric. 
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Fiq.  14  Airfoil  Damping  in  Plunqinq 
Oscillations  (Ref.  22) 
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'*  Forced  unsteady  flows  are  examined  from  the 
point  of  view  of  potential  application  of  new 
devices  which  are  made  possible  bv  the  improved 
understanding  of  these  flows.  In  particular, 
flows  are  examined  which  require  no  external 
driver  bur  obtain  their  energv  from  the  free¬ 
st  ream  velocitv.  Other  flows  require  no  moving 
parts  at  ail  to  generate  the  unsteadiness. 

\ 

Int roduc t ion 

Unsteady  separated  tlows  tnav  appear  as  a  con¬ 
sequence  of  the  motion  of  the  suriace  of  the  body 
or  as  a  result  >1  the  unsteadiness  in  the  flow  over 
that  surface.  In  manv  cases,  when  confronted  by 
such  flows,  the  objective  is  to  eliminate  or  at 
least  control  the  separation. 


current  research  program  nas  taken  a  some- 
"erent  perspective.  The  objective  of  the 
, s  to  examine  the  dynamics  of  flows  which 
.•a  to  become  unsteady  and  to  specifically 
the  possib  i  1 i t ies  for  the  application  of 
;s  t s  well  as  determining  their  basic 

In  addition  to  the  question  of  identifi¬ 
es  which  can  drive  a  flow  unsteady  in  a 
v.iv ,  it  is  necessary  to  determine  the  com- 
and  ivnatnics  o:  the  large  scale  structures 
in  the  periodic  flow.  The  latter  point  has 
u Uniques  which  have  some  utilitv  in  deter- 
ie  vortex  structure  '!  quas  i -steadv  three 


flow  visualization  results  of  Figure  1)  which  have 
an  important  effect  on  the  flowfield.  Although 
these  nozzles  can  be  employed  to  control  boundary 
lavers,  most  of  the  effort  has  been  applied  to  free 
jets.  The  jet  is  controlled  by  the  fluidic  feed¬ 
back  svseem  wrapped  around  the  body  of  the  jet 
nozzle  in  Figure  2.  An  alternate  version  employing 
a  different  fluidic  feedback  has  been  found  to  be 
capable  of  producing  an  unsteady  jet  even  if  the 
phase  of  the  jet  flow  is  different  from  that  of  the 
surroundings. 


Figure  1.  Smoke  flow  visualization  of  a 
fluidicallv  oscillating  <et. 
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Another  embodiment  of  a  f luidically  controlled 
jet  nozzle  is  shown  in  Figure  3.  In  this  case  the 
dynamic  orientation  of  the  jet  is  determined  bv  a 
pair  of  rotating  valves  located  on  either  side  of 
the  nozzle  exit.  Since  the  jet  is  alw.ivs  inclined 
toward  the  closed  valve,  this  nozzle  has  the  advan¬ 
tage  that  the  phase  position  can  he  controlled  in 
addition  to  the  frequency.  A  disadvantage  is  that 
the  control  valves  must  be  externally  driven. 


Flow 
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Figure  '■*.  Schematic  of  the  rotor  vortex 
generator. 

'he  second  .seviee  is  a  cam  shaped  rotor  shown 
in  ;  i  rure  4.  As  t  fie  rotor  turns,  and  as  long  as  the 
ream  velocity  is  greater  than  the  tip  speed 
■M  the  rotor,  the  appearance  of  the  rotor  tip  will 
result  in  the  production  of  a  vortex  behind  the 
rotor.  The  flowfield  thereby  produced  has  been 
proved  and  found  to  have  application  to  controlling 
flows  on  d  re  raft  wings  ( Figure  5i),  helping  re- 
ittichment  on  rearward  lacing  ramps  (Figure  5h  )  , 
i ::.fwv i ti g  mixing  in  a  lump  combustor  (Figure  3  >, 
tm:  cent  r.v  i  ling  the  :  lew  in  a  .ii : :  user  (Figure  *d  ) . 


».».  n  I'a'Uli-  ’ !  *.o'r'f  ex  general  t**n  ui  t  he 
;p  :>«• :  murine  *  r  i:i  it  r  ’ .  •  i  1 . 


leads  to  an  improved  mixing  rate  between  the  fuel 
jnd  oxidizer.  The  presence  of  the  unsteady  flow 
in  the  diffuser  (Figure  5d)  has  resulted  in  cases 
where  the  diffusion  is  more  effective,  especially 
at  larger  angles . 


Figure  5c.  Schematic  of  the  vortex  generator 

applied  to  a  dump  combustor  geometry. 


Figure  5d.  Schematic  of  the  vortex  generator 
applied  to  a  diffuser  geometry. 

Current  Ilf  forts'^*  *  '* 

The  design  embodied  bv  the  unsteady  lit  fuser 
experiment  (Figure  5d)  can  be  adapted  to  the  rotor 
Vet  experiment  shown  in  Figure  *i .  Tile  rotors  ire 
located  it  both  sides  of  the  no’.g.le  exit  and  .an  no 
oper  (ted  in  anv  phust  relationship  to  each  trier  t 
produce  iifferent  ;ot  flows.  operated  in  tit  in- 
ph.i  a  'ami  1 1  ion  ,  tlie  r  Her  tips  appear  s  i  ;•  ul  t  I* 
neons .  v  md  the  resulting  t  low  is  .  ujisiug  el. 
oper  it  ;oc  t  tie  r,  tors  it:  m  ■'it.—  ■ :  - iiase  !)•.  it  i'n 

( e  s  u  i  if.  in  i  ;e(  wltica  t  laps  si.e  t  m  je  jtt  • 

•••enter  si  mi  1  ,ir  to  (hat  ■:  the  tint  ;i  .» 1 1  v  's,  ili.it- 
t:ig  et  (Figures  1  a:::  .  In  ?  tu-.  use  t  tie  ’et 

v  *  i ;  •  •  s  st  r  i.  t  are  iovnst  ream  is  even  stronger  d'M- 

it  Is  1 1  eat  e  :  'v  the  t'tors.  Ire  results  ■!  1  i  oai, 

'<  show  ci ■  a  i  ; i.- 1  ilowlreid.  ihe  vortex  stru  •  a. 
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through  an  analog  to  digital  converter.  The  probe 
positioning  has  been  automated  in  one  direction  and 
is  driven  by  the  microcomputer. 


The  velocity  of  the  air  at  any  given  point  in 
the  flowfield  is  continuously  measured  by  the  hot¬ 
wire  probe.  Since  the  structure  of  the  flowfield 
generated  by  the  rotor  of  Figure  4  is  coherent  and 
synchronously  varying  with  respect  to  the  position 
of  the  rotor  upstream,  the  velocity  is  sampled  with 
respect  to  the  position  of  the  rotor.  Thus  a  com¬ 
plete  "time  picture"  of  the  structure  is  obtained 
as  it  passes  the  probe.  In  addition,  the  coherency 
of  the  flow  structures  allows  the  signals  from 
several  successive  rotations  to  be  averaged  to 
improve  the  signal  to  noise  ratio  and  reduce  the 
effects  of  turbulence  on  the  measurements.  The 
signals  from  the  hot  wire  are  processed  and  recorded 
by  the  microcomputer  through  an  analog  to  digital 
converter. 

The  shaft  of  the  rotor  in  Figure  4  has  been 
fitted  with  a  light  chopper  disk  of  two  tracks. 

One  track  has  a  single  hole  used  to  indicate  the 
start  of  the  rotor  orbit  and  the  second  track  has 
thirty-six  equally  spaced  holes  (everv  10°.)  used  to 
indicate  the  position  of  the  rotor  in  its  orbit. 
These  two  tracks  are  "read"  by  light  emitting  diodes 
(LED),  photo  transistor  pickups.  The  resulting 
signals  are  passed  through  an  interface  which  pro¬ 
vides  signal  conditioning  to  prepare  the  signals 
for  the  microcomputer. 
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Figure  7.  Rotor  jet  flowfield  seen  in  a  moving 
coordinate  system. 

Another  problem  of  current  interest  is  the 
application  of  the  rotor  vortex  generator  to 
reduce  the  drag  of  a  bluff  body  vehicle.  An 
example  is  a  van  in  which  the  objective  is  to 
reduce  the  drag  but  to  affect  the  volume  of 
the  van  in  a  minimal  wav.  Thus,  simply  stream¬ 
lining  the  van  has  severe  limitations.  The 
method  proposed  is  to  employ  the  rotor  to 
enable  the  flow  to  turn  through  a  larger  angle 
ana  thus  onlv  require  a  small  loss  of  van 
volume  due  to  eliminating  the  rear  corner 
as  shown  in  Figure  8.  Tn  this  figure,  the 
t rans to rmat ion  to  a  coordinate  frame 
structure  dominates  the  flow  and  should  lead 
tv'  a  drag  reduction  since  it  substantially 
reduces  the  size  of  the  wake  behind  the 
Vehicle. 


screw.  The  position  accuracy  of  the  svstem  has  been 
found  to  be  within  +  ‘5  turn  of  the  lead  screw  or 
about  0.020  inches.  The  bottom  indicator  has  a 
reproductibilitv  of  better  than  0.010  inches. 

A  computer  program  to  record,  process,  and 
store  the  daca  from  the  hot-wire  probe  has  been 
written  and  tested.  The  program  takes  100  samples 
of  each  of  the  two  wires  in  the  probe  for  each  of 
the  Jb  positions  of  the  rotor.  This  data  is 
averaged  and  reflected  through  the  calibration 
curves  for  the  hot  wires  to  yield  J6  two  component 
velocities  for  two  wires.  The  data  is  displayed  on 
the  computer  console  and  stored  as  a  disk  tile  for 
further  analysis.  The  procedure  above  is  then 
repeated  for  each  probe  position.  In  this  manner, 
the  complete  time  profile  of  the  convected  structuie 
is  obtained  along  the  probe  path.  The  probe  step 
sice  in  the  right  direction  is  programmable. 


Flowiield  proau  •  t;ii  bv  the  rot-.r  i 


The  remainder  of  this  paper  will  concern  itself 
with  the  fact  that  an  external  driver  or  power 
source  is  not  needed  to  turn  the  rotor  shown  in 
Figure  4.  This  result  improves  the  utility  of  the 
rotor  and  additional  potential  applications  are 
discussed. 

The  Self-Powered  Rotor 

The  results  and  potential  applications  ot  the 
rotor  device  cited  in  the  sections  concerned  with 
past  and  current  efforts  were  based  on  a  rotor 
requiring  an  external  source  of  power  to  turn  and 
generate  the  vorticitv.  With  proper  design,  how¬ 
ever,  the  rotor  motion  can  be  self  induced  with  the 
required  power  being  drawn  directly  from  the  free- 
stream  velocity.  Perhaps  more  interesting  than  the 
fact  that  the  motion  is  self  induced  is  the 
direction  of  rotation.  As  shewn  in  Figure  4,  the 
self  induced  direction  of  rotation  is  counterclock¬ 
wise.  Therefore,  an  increase  in  the  rotational 
speed  will  also  increase  the  strength  of  the 
resulting  vortices. 

The  basic  mechanism  which  drives  the  rotor  in 
a  direction  which  opposes  the  freest  ream  velocity 
is  shown  schemat i cal  1 v  in  Figure  l  la.  The  relative 
pressure  distribution  is  shown  on  the  exposed 
portion  ot  the  rotor  tor  the  given  conf igurut ion. 
Although  there  is  a  stagnation  pressure  erfect  near 
the  upstream  side  of  the  rotor,  the  remainder  ot 
the  upper  surface  is  dominated  by  .1  low  pressure 
distribution.  One  might  sav  that  tile  rotor  "flies" 
in  the  freestream.  From  the  distribution,  it  is 
clear  that  an  integration  yielding  the  moment  about 
the  ixis  of  the  lot  or  will  result  in  a  counter clocr- 
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The  startup  operation  of  the  unpowered  rotor 
device  is  as  follows:  Even  if  the  rotor  is  well 
balanced  and  relatively  free  to  turn  (i.e.  low 
frictional  resistance),  at  lov  freestream  velo¬ 
cities  the  rotor  remains  in  a  static  orienta¬ 
tion.  As  the  t'reestream  velocity  is  increased,  the 
rotor  assumes  the  position  shown  in  Figure  Lib  with 
the  cusp  shape  directly  above  the  shaft.  A  further 
increase  in  the  t'reestream  velocity  results  in  an 
oscillation  or  rocking  of  the  rotor  about  this 
position.  The  amplitude  of  the  oscillations  in¬ 
crease  with  t'reestream  velocity  until  the  rotor 
begins  to  turn  in  the  counterclockwise  direction. 
The  rotor  was  never  observed  to  turn  in  the  clock¬ 
wise  direction. 
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Figure  ll.i.  Se!t  driven  rotor  speed  as  a 

function  of  freest  ream  ve loci  tv. 


file  particular  rotor  discussed  in  Ketereuce  !(J 
his  bevn  examined  in  detail  to  Jet  ermine  the 
rel.it  ionship  between  the  t'reestream  velocitv  and 
•'tati  uial  speed  it  produces.  The  results,  shown 
in  Figure  Ida.  ire  well  represented  by  a  linear 
dependence.  This  result  is  emphasized  by  the  non- 
dimensional  results  >i  Figure  lib  where  the  rota¬ 
tional  speed  is  reduced  bv  V  ii;  the  t  reest ream: 
velocitv.  expose  ,  r  ’tor  height.  Except  lor  low 
freest  ream  velocities  <whc«v  both  tin-  velocities 
md  the  rota: ionai  Speeds  ire  less  no, urate) ,  the 
reduced  rotational  speed  is  •n.arlv  const  ml. 
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It  should  be  emphasized  that  the  results  of 
Figures  12a  and  b  are  singular  results  for  this 
particular  rotor  shape  and  for  the  frictional 
resistance  of  this  bearing  configuration.  A  change 
in  the  rotor  shape  or  the  frictional  resistance 
would  change  the  value  of  the  curve  but  is  not 
expected  to  affect  the  functional  dependence. 

From  the  point  of  view  of  potential  applica¬ 
tion,  the  fact  that  the  rotor  can  be  employed 
without  the  need  for  an  external  driver  is  signi¬ 
ficant.  It  will  allow  more  widespread  use  of  the 
concept  behind  the  device,  namely  the  potential  use 
of  unsteady  flows  to  achieve  results  superior  to 
those  found  with  nominally  steady  flows.  All  of  the 
rotor  based  devices  discussed  in  the  preceding 
sections  will  be  positivelv  affected,  from  the  point 
of  view  ot  application,  by  the  possibility  of  self 
induced  rotation. 

Other  Potential  Applications 

A  wine  range  of  potential  applications  exists 
or  unsteady  flow  devices.  Since  an  external  driser 
is  unnecessary  to  power  the  rotor  vortex  generator, 
the  potential  applications  for  this  particular 
technique  have  improved.  The  following  examples 
are  all  related  to  flow  control  near  a  solid  wall 
and  are  not  meant  to  be  ac  all  inclusive.  Many 
other  embodiments  of  these  concepts  will  appear  in 
the  Suture. 
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VORTEX  INCEPTION  ANGLE,  a 


derivative  ot  Eq.  o;, 


a  ■  u)u  cos  wt  »  wa  “Vl-sin^uit 


A  combination  of  Eqs.  (5)  and  (7)  vie  Ids 

FT - 7-  (S) 

a  ■  oj  ya  -  ( a-a^) 

which  can  be  converted  to  .  *  r  munsionles:;  pitch 
rate.  A,  l-<-  -  '.—‘’la  (cf,  Ref.  b) 

A  -  rfj-  -  kc  V«  J*  <«-oH)2 

The  values  of  A  for  the  intersections  of  the  nv  = 
l:j  deq  line  with  the  three  notion  curves  in  Fig.  5 
are  noted  on  the  figure  and  are  seen  to  vary  fron 
).015o  to  O.OTln. 

\  direct  examination  if  the  effect  of  mean 
•  n,’l>  of  attack  variations  on  yv  with  reduced 
frequency  effects  excluded  is  afforded  by  a  return 
to  the  linear  least  squares  fit  of  Eq.  (6).  The 
-.tatter  of  i.niividual  lata  points  may  be 
junatitatively  evaluated  by  rewriting  the  equation 
in  the  form 

c  "  V  “vo*  “^c  (10) 


n,.e:v  €  ^  J  for  an  exact  linear  fit.  In  Fiq.  h  a 
lot  of  this  error  function,  c ,  versus  Av 

>  h.isices  the  irregularity  of  the  scatter,  and 
1 »a Is  llrectly  to  the  observation  that  the  vortex 
inception  an.qlo  is  independent  of  the  pitch  rate 
.-'.ei  ':c  is  fixed.  With  the  exception  of  i  few 

1  .i  1  v -  ■'  \  points  the  error,  k,  is  p.ener  all  v  bounded 
!k|  w  h  ’  *.e  •.  in!  never  exceeds  tl.O  ueq. 


\  ;uestio.n  ri.st  be  raised  at  this  point  on  the 
,  j  i  !■»  relationship  of  tin?  vortex  inception 
ini',  iv,  to  tie  various  lynamic  stall  \nql-» 
•  icepts  tii.it  have  been  cited  in  t!ie  literature. 

.  •'  ir  h.ioh  as  ’’alfman's  1  ir»l  report  (Kef.  7) 

•v  •  r  1 1  i  itisors  have  shown  that,  t'ne  lynamic  stall 
it.  l  »  i  tcrea  i.-j  .jit. i  both  inoreasinp  reduce  1 
;  ie:»cy  i::  1  pitch  rate.  ir.e  o:  the  -.ore  co  ipier..* 
■.a  .in  it  ions  is  thit  >1"  ionoat  (Kel.  R).  here  i* 
shown  that  lvn.imic  moment  stall  \rir.l",  base  1 

->  Ivs.i  dc>  •’  »o  “  .).  varies  linearlv  with  tin* 
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SQUARf  ROOT  Of  VORTf  X  INCFPTION  PITCH  RATF. 

Flu.  7  CORRELATION  OF  RELATIVE  VORTEX  INCEPTION  ANGLE 

aITN  ypr 

).•*  in  the  lower  riqht  panel  of  rip.,  •*.  This  can 
be  resolve!  by  notlny  that  i  linear  behavior  of  tin? 
data  is  observed  for  av  -  os3  plotted  versus  \  in 
l  ip,.  7  or  versus  \  in  K i  • .  X.  The  lata  are  now 
•••ore  in  V.eepinp  with  the  results  i.n  fip..  •> ,  an!  •_ .  i«* 
original  lormnnt  linear  iat  i  fit  is  now  \  paraboli. 
Tne  apparent  inconsistency  lies  in  the  lie'  hit  i 
at  low  pitch  rate:,  ir  r<<  1  ice  1  f re  ;  jen.-y  1 . 
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Abstract 

Boundary  layer  and  trailing  edge  flow  activi¬ 
ties  were  recorded  using  hydrogen  bubble  flow  visu¬ 
alization  techniques  on  an  oscillating  lifting  sur¬ 
face  in  a  two-dimensional  water  tunnel.  Simultan¬ 
eous  with  flow  documentation,  unsteady  lift  was 
measured  over  a  range  of  reduced  frequencies  from 
0.5  tc  10.  Unsteady  loads  using  classical,  inviscid 
theories  were  predicted  for  the  experimental  condi¬ 
tions  investigated.  Reduced  frequency  bands  ex¬ 
hibiting  poor  agreement  between  experiment  and 
theory  were  identified  and  a  correlation  to  observ¬ 
ed  flow  phenomena  was  accomplished.  The  results 
support  the^util ization  of  a  separate  viscous  model 
near  the  trailing  edge  coupled  with  an  inviscid 
flow  field  model  to  predict  unsteady  loads.  The 
results  further  show  that  for  certain  reduced  fre¬ 
quency  bands,  classical  inviscid  solutions  may  be 
applicable  and  adequate.  . 

Nomenclature 

b  1/2  chord  length 

c  Chord  length 

C(k)  Theodorsen  function 

Ci -  Oscillatory  lift  coefficient 

LJos 

Ci  Two-dimensional  steady  state  lift  curve 

0  slope 

f  Oscillation  frequency 

Jf  Reduced  frequency  (ub/V) 

t  Time 

V  Free  stream  velocity 

<  Distance  along  chord  from  leading  edge 

i  Instantaneous  angle  of  attack 

T  Oscillatory  angle  of  attack  amplitude 

t0  Mean  angle  of  attack 

Boundary  layer  thickness 
'*  Boundary  layer  d i sp lacement  thickness 

Width  of  lifting  surface 
Fluid  kinematic  viscosity 
Circular  frequency 
Fluid  density 

Phase  shift  in  Theodorsen1 s  function 
Introduction 

The  dynamics  o*  the  boundary  layer  (viscous 
e*’'e(ts)  nave  an  important  bearing  on  lifting  sur¬ 
face  unsteady  ae*’o  and  hydrodynamic  behavior.  In- 
viscid  treories  are  not  adequate  in  '-•any  practical 
appli  ations  in  their  prediction  of  unsteady  loads 
or  *iutter  inception. 

!*“p>'Oved  theories  of  lifting  sur’ace  dynamic 
performance  whicn  account  for  real  fluid  effects 
ire  required  to  advance  the  state  of  unsteady  aero- 
a»'i  n/drod/nami^s.  This  realization  nas  led  numer¬ 
ous  researchers to  re-evaluate  assumptions  used 
•n  inviscid  unsteady  aerodynamic  theories.  Both 

•Director,  Depar'-ent  j*  ’-Vchan  i  ca  1  r.  '<*ru*v 
**vjr  i>’i-.  ;’.id  Systems  mo  Ins  t  rq-enl  j  t  •  oe  , 
LV-pur  Vent  )*  ‘■'ec'vr lea  1  $•'  ;ences  .  AIAA, 

-$t.i*f  Erpneer,  }'•;  ir'-ont  o*  r  rg ’''eef''’ ; 
vec  na n  n  s  ,  '-V“ber  A )  AA . 


analytical  and  experimental  efforts  have  been 
undertaken.  Most  studies  have  evaluated  the  appli¬ 
cability  of  the  Kutta  condition  in  unsteady  flows. 
Significant  experimental  activity  has  been  under¬ 
taken  to  study  trail ing-edge  loading  and  flow 
patterns  on  oscillating  lifting  surfaces.  Theo¬ 
retical  efforts  have  also  been  initiated  to  include 
viscous  corrections  to  inviscid  solutions  to  allow 
better  prediction  of  oscillatory  loads.  These  re¬ 
search  efforts  have  been  accomplished  primarily  in 
1974-1980. 

In  the  composite,  these  efforts,  which  are 
discussed  in  Reference  10,  represent  both  analyt¬ 
ical  and  experimental  research  investigating  the 
effects  of  viscosity  on  unsteady  loads  on  oscillat¬ 
ing  lifting  surfaces.  The  experimental  efforts 
show  that  for  many  cases,  viscous  (real  fluid)  ef¬ 
fects  drastically  alter  the  trai 1 ing-edge  condi¬ 
tions  on  oscillating  lifting  surfaces  and,  thus, 
the  classical  Kutta  condition  is  not  maintained. 

The  experimental  work  represents  measurements  of 
trail ing-edge  pressures  and  flowfield  patterns 
under  various  oscillatory  conditions.  In  some 
cases  low  reduced  frequencies  have  been  utilized 
and  in  other  cases  high  reduced  frequencies.  Theo¬ 
retical  work  has  replaced  the  Kutta  condition  with 
auxiliary  conditions  which  appear  appropriate  rela¬ 
tive  to  the  viscous  flow  phenomena  at  the  trailing 
edge  and  which  alter  the  associated  circulation. 

In  recent  years,  unsteady  fluid  dynamics  has 
received  considerable  attention  as  it  relates  to 
unsteady  separated  flows,  and  there  is  a  wealth  of 
lityr.vLure  in  high  Reynolds  number  dynamic  stall 
and  unsteady  viscous-inviscid  interaction  on 
usd Ilatory  airfoils J’-13  Current  interest  in 
high  anqle  of  attack  suoerrianeuverabi  1  i ty  aircraft 
has  emphasized  the  need  to  advance  fhe  state  of 
knowledge  in  unsteady  separated  flows.  Also  recent 
interest  in  low  speed  (Reynolds  number)  drone  aero¬ 
dynamics^--^  has  required  a  re-evaluation  cf  un¬ 
steady  separated  flow  activity  at  condi lions  where 
viscous  effects  on  separation  phenomena  aiid  asso¬ 
ciated  loads  can  result  in  significantly  dif*'erent 
lifting  surface  response  than  would  be  encountered 
at  the  Reynolds  numbers  associated  with  conven¬ 
tional  or  hiqh  speed  aircraft.  Regardless  of  toe 
application,  the  projected  operation  of  advance! 
lifting  surfaces  with  active  load  controls  in 
separated  flow  environments  requires  a  significant 
idvancement  in  unsteady  separated  flow  technology. 

Ob j ec live 

'he  objective  of  this  stud,  is  to  expand  te¬ 
state  .if  knowledge  about  the  e’*ects  if  unsfejd. 
boundary  layer  activity  (vis.  jus  effects)  ir  the 
loads  of  oscillating  liftin’  surfaces.  ’"ese  ob¬ 
jectives  were  aciur-p  Ji  shed  through  .•  l  Sua  i  •  ’  rs«;  the 
boundary  layer  activity  in  t  *iACA -  1  v- *  1  J 
surface  harmonica  1 1  /  ;  itching  about  t*«-  T  A  «.*!<■•  : 
i  a  two-dimens  run  a  ’  «.»te*‘  'j'inel  .  r  • '  j  ’  tafeo-.-. 
with  !  je.dary  lave'-  observat  ’  r  mO  dOc  ..  entat  * 
uhSteaf,  !i*’t  «as  "eisure:  4  ,*•  a  r.i*  :«*  '• 
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o  evaluating  the  applicability  of  the  Kutta 
condition  over  a  wide  range  of  reduced  fre¬ 
quencies,  and 

o  establishing  flow  re 'imes  where  poor  agree¬ 
ment  exists  between  : lassical  unsteady 
loads  theory  and  experiment. 

Experiments  were  undertaken  in  a  two-dimen¬ 
sional  water  tunnel  since  higher  Reynolds  numbers 
could  be  achieved  than  with  models  in  a  wind  tunnel, 
and  hydrogen  bubble  techniques  could  be  utilized  to 
visualize  the  unsteady  boundary  layer  activity. 

This  work  provides  data  whereby  total  oscillatory 
lift  was  recorded  simultaneously  with  the  recording 
of  unsteady  boundary  layer  activity. 

Experimental  Apparatus 
Flow  Tunnel  and  Instrumentation 

Figure  1  shows  the  water  tunnel  contraction, 
test  section  and  diffuser  used  in  this  study. 


ri,\  1  Te$t  section  with  balance  and  hydrofoil 

A  rectangular  two-dimensional  test  section  of 
6.1  v  30.5  cm  provided  a  Lest  section  aspect 
•'  5.  The  test  section  length  is  61  cm  with  a 
45. T  *  30.5  cr  high  viewing  area.  A  1600  watt 
•juartz  lamp  placed  over  a  plexiglass  window  cr 
wide  by  45. 7  cr  long  located  on  the  top  surface 
provided  li^ht  at  50  to  the  viewing  inqle  and  pro¬ 
vided  illuminator  for  flow  visual i vat • on.  The 
water  tunnel  test  section  shown  ’.n  figure  1  was 
par;  of  a  continuous  water  tunnel  flow  loop  where 
5. OH  r-i  pipe  was  used  for  the  return  line.  A  1 
sect'on  of  36,6  cm  pipe  wos  placed  upstr*»an  of 
the  -..onve^-jent  section  to  for*-  a  stagnation  c hamper 
A  '•*ed  speed  pump  ami  throtfling  valve  was  used 
flow  control.  Flow  velocity  was  determined  bv 
jrvng  the  time  of  a  flight  of  a  tracer  along  a 
-h.’wo  .r stance  m  addition  to  inferring  average 
.*•’  •  tv  i  ror  .!  5 . 5H  *"  turbine  ’low  meter. 


Flow  Visualization  Equipment 

Hydrogen  bubbles  were  utilized  to  provide  flow 
visualization  for  this  study.  A  grid  of  platinum 
wire  was  placed  upstream  of  the  test  model  to  pro¬ 
vide  visualization  of  the  stream  lines.  In  addi¬ 
tion,  hydrogen  bubble  generators  were  imbedded  at 
different  locations  on  the  model  surface  to  allow 
direct  injection  of  tracers  into  the  oscillating 
foil  boundary  layer.  Photography  of  the  hydrogen 
bubble  tracers  was  successfully  accomplished  with 
a  16mm  high-speed  motion  picture  camera  with  zoom 
lens.  The  water  tunnel  test  section  viewing  window 
was  marked  with  a  vertical  line  for  a  tracer  refer¬ 
ence  point.  The  developed  film  was  analyzed  frame- 
by-frame  on  a  Vanguard  Motion  Analyzer  where  flight 
trajectories  of  hydrogen  bubbles  were  easily  deter¬ 
mined.  The  film  analyzer  was  configured  to  com¬ 
puterize  the  coordinates  of  motion  of  the  flow 
tracers.  The  computerized  space-time  histories  of 
individual  bubbles  were  used  to  establish  flow 
separation  and  reattachment  locations  and  reverse 
flow  activity  during  a  foil  oscillation  cycle. 

These  data  were  used  for  recording  qualitative  in¬ 
formation  or,  boundary  layer  activity  and  were  not 
used  for  load  determination 

Dynamometer  Design 

A  dynamometer,  based  upon  the  work  of 
Epperson  and  Pengelley^,  was  used  for  measuring 
the  dynamic  lift  coefficient  on  the  oscillating 
model.  The  dynamometer,  shown  in  Figure  1  is 
classified  as  an  external  dynamic  balance  which  can 
resolve  two  forces  (vertical  and  horizontal)  and 
one  moment  about  a  given  axis  perpendicular  to  the 
plane  containing  the  two  *orces.  Electric  resis¬ 
tance  strain  gages  attached  to  the  structural  ele¬ 
ments  of  the  A-frame  flexures  mounted  back-to-back 
were  incorporated  in  a  Wheatstone  bridge  circuit  in 
such  a  manner  that  the  bridge  output  was  propor¬ 
tional  to  the  applied  external  moment. 

The  a i ’’foil  section  was  supported  by  a  shat'; 
connected  to  an  external  dynamometer  unit  located 
on  each  side  of  the  tunnel  test  section.  The  dyna¬ 
mometer  units  were  attached  to  a  clevis  that  was 
allowed  to  rotate  upon  shaft  bearings  mounted  on 
the  tunnel  side  walls.  Oscillatory  motion  was  im¬ 
parted  by  a  hydraulic  servo  cylinder  located  on  the 
lower  structure  of  the  test  section.  A  unique 
pressure  balanced  seal  was  fabricated  which  absorbs 
no  load  but  inhibits  the  flow  of  liquid  from  the 
test  section  to  the-  surroundings. 

Model  Design 

A  *»ACA  16-01D  airfoil  -oideU  of 

Peso  I  i  n  compound  in  two  halves  with  t  chord  15..:  c.” 
long  was  used  for  the  ”»ode  I .  An  oscillation  shaft 
was  positioned  at  the  quarter  chord  pent.  The 
shaft  wa*  hollow  and  carried  electrical  wires  '><.*•- 
the  surface  hydrogen  bubble  generators  to  the  cower 
sourc**,  Surface  generators  were  made  of  gold 
plated  aluminum  ch*ps.  0  159  c***  b<  .635  c”  - 
bedded  flush  ;n  the  surface  of  *.N»  nydrof.^i  ] . 

Figure  ;  shows  the  mode  ,  , .;ri,  .5  -  sec  t  ’ . -n  with  the 
bubble  genera t :;*•  to-,  at i. ins  and  ■.^••fa  .e  •„  oo*\j ’rales . 

r  *  Ow  ,  i  *.  ;.i  ’  1  .*a  *  ‘  jr.  P»*S u  ’  t  s 
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J)  oscillation  *requem.y,  (3)  Mean  angle  o*  at- 
*  ic»,  and  (4)  pitch  amplitude.  In  each  test  set 
Tjftie  1),  one  parameter  was  varied  with  the  others 
neid  constant.  For  the  velocity  and  frequency 
variation  test,  the  lean  angle  of  attack  was  held 
at  appro* irately  5.8  degrees  with  a  pitch  anpli- 
*ude  jf  *  1  degree.  Using  5.8  degrees  f'or  the  mean 
angle  of  attack,  allowed  a  sufficient  boundary 
1  wee  growth  to  bo  observed  during  a  full  oscilla¬ 
tion  cycle  while  maintaining  a  relatively  small 
in-;!-1  of  attack.  All  oscMUtory  tests  were  per- 
'•ji-"ed  ,»»th  har'“Of?’c  pitching  jdojT  !.  4  chord. 


summarizes  the  important  boundary  layer  observa¬ 
tions  for  the  test  conditions  of  major  interest. 
Figure  3  shows  trailing  edge  flow  patterns  during 
a  pitch  oscillation  cycle  at  k  =  0.81.  This  gen¬ 
eral  trailing  edge  flow  activity  was  observed  at 
all  test  cases  with  k  ^  10.  Figure  4  shows  instan¬ 
taneous  trailing  edge  flow  patterns  from  the  movie 
frames  for  k  ^  10  and  k  >  10.  A  description  of  the 
boundary  layer  activity  as  a  function  of  reduced 
frequency  follows: 

o  At  the  lowest  frequency  tested  (k  =  .45), 
the  boundary  layer  remained  attached  to  the 
foil  until  approximately  the  3/4  chord 
where  the  boundary  l.iyer  separated  from  the 
foil  surface.  During  an  oscillation  cycle 
fluid  was  pumped  into  the  separation  zone 
along  the  foil  trailing  edge  as  the  angle 
of  attack  increased  to  the  maximum  value  of 
6.8°.  As  the  foil  reversed  direction  and 
proceeded  to  lower  angles  of  attack,  fluid 
was  pumped  out  of  the  separation  zone  into 
the  wake  until  the  minimum  angle  of  attack 
of  4.8'  was  reached. 

o  Increasing  reduced  frequency  to  k  =  .55, 
resulted  in  leading  edge  separation  at 
X /2b  T  .17.  The  boundary  layer  reattached 
at  approximately  40  of  the  chord  and  sepa¬ 
rated  again  at  about.  56  of  the  chord. 
Activity  in  the  separation  zone  at  the 
trailing  edge  of  the  foil  was  similar  to 
the  k  =  .45  case. 

o  Increasing  k  to  .65  resulted  in  leading 
edge  separation  at  «.  2  =  .125  with  a 
slight  oscillation  of  the  leading  edge 
separation  point  during  a  foil  pitching 
Cycle.  The  boundary  liver  ' eattached  at 
approximately  50  af  the  chord  with  ^sepa¬ 
ration  oscillating  between  .686  •'  '<-'2b  • 
during  a  pitch  oscillation  ale. 
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Table  I  Model  test  conditions 


Run 

Freestream 

velocity. 

V,  cm  i 

Oscillation 

frequency, 

/.Hz 

Reduced 
frequ  ncv, 
k-l.fb/V 

Reduced 

velocity. 

1  * 

Angle ol  attack,  deg 
a{l)  -  a0  +  dsin2ir// 

Reynolds  No.,* 

Re~2Vb>»  Re'  =  '  "  » 

1 )  Velocity  variation 

HV  1 

9  82 

0  132 

0.648 

54 

5  85  *  0  95  sin  0  83/ 

16.105 

219 

HV  2 

3  90 

0  147 

1  80 

r  55 

5  825  >  1  025  sinO  925  f 

6,390 

138 

HV  3 

16  23 

0  151 

0  445 

>25 

5  775  »  1  025  sin  0  947/ 

26.620 

282 

HV  4 

12  M 

0  144 

O.J32 

'  81 

5  80+  1  Osin  0  905/ 

20,650 

247 

2)  Frequency  variation 

HW  1 

4  33 

0.387 

4  28 

0  234 

5  9  ♦  0  9  sin  2  43/ 

7,105 

146 

hw: 

4  18 

0  329 

3.76 

0  266 

6  05  +0.95  sin  2  07/ 

6,865 

143 

HW  3 

4  07 

0  836 

9  84 

0  102 

6  05  +0  95  sin  5.26/ 

6.70 

141 

HW  4 

3  69 

0.241 

3  13 

0  319 

6  05  +0.95  sin  1.31/ 

6.060 

135 

3)  Mean  angle  -of- attack  variation 

Hufl-I 

3  99 

0  436 

5  24 

0  191 

1.95  *  1  05  sin  2  74/ 

6,545 

140 

Ho,  : 

4  18 

0  602 

6  89 

0  145 

5  60+  1  sir.  3.78/ 

6.860 

143 

Hu(j-3 

4  56 

0  '75 

6.04 

0  166 

7  65  ♦  1.15  sin  3  61/ 

7,485 

150 

H(»,r4 

4  34 

0  633 

6  98 

0  143 

-  1  55  ♦  1  05  sn:  3  98/ 

■’.125 

146 

Haa? 

4  30 

0.649 

6  90 

0.145 

-  5  25  +  1.05  sin  4  08/ 

".385 

149 

4)  Pitch  amplitude  sanation 

Ha  -la 

5  89 

0  503 

4  09 

0  244 

4  25  +  1  55  sm  3  16/ 

9.655 

ro 

Hu  2a 

4  '6 

0  4" 

3  91 

0  256 

4  25  ♦  2  45  s,n  2.95/ 

9.450 

168 

Hd  3a 

«  ?8 

0  446 

3  69 

0  271 

4  20  ♦  4  8  sin  2  80/ 

9.475 

168 

*4*  -  based  on  ihrorrtK.il  >  aliie  lor  an  ruuisalrni  Hal  nljir  of  .hnrd  26 


Table  1  Model  boundary-layer  obsersaiions 


Flow 

- - - 

regime 

idem 

Run 

A 

1  A 

1.  cm  s 

/.  Hz 

Observed  boundary -layer  activity* 

\ 

HV  3 

0  45 

2  2 

16  2 

0  15 

B1  separation  at  X  26  a 0  75 

Fluid  flows  into  separation  /one  at  TE  at  <i„4,  6  8  den 

Fluid  pumped  out  of  separation  /one  at  FE  at  n,iin  =45  deg 

HV  4 

0  55 

1  8 

12  5 

0  14 

1  l  separation  at  3  26*0  1" 

Reattached  Bl  ai  X  26*0  4 

TE  separation  at  V  26*0  56 

Separation  /one  activity  similat  to  HV  3 

b 

H\  1 

0  65 

1  5 

9  8 

0  11 

I  E  separation  at  X  6*0  125  with  s.ighr  osollation  ot 
separation  point  during  foil  piuhir.g  kv  Jc 

Reattached  BE  at  X  2 6a0  4* 

TE  separation  at  0  625  <  ,1  26<0  "’ 

t T I-  separation  /one  oscillates  during  toil  «.>  Jei 

t 

HW  tj 

ir  8) 

i  : 

*  5 

0  1' 

un  »erge of  l  E  separation  at  \  26*0  18 

1  *  separation  at  0  5  ^  V  26s(>"' 

(IE  separation /one  oscillate  d  jun*.  fotUvclcl 

D 

HV  2 

i  5 

0  «6 

4  0 

0  1 5 

Hi  sei-aration  at  3  26*0  2' 

(resetse  P-.»w  o-kiIUics  m  separation  /one  during  toil  oslej 

t 

HW  4 

1  1 

0  32 

\  ' 

0  24 

HW  ; 

3  8 

o  26 

4  3 

0  3  .3 

Identical  to  HV  2 

HW  1 

4  3 

0  "3 

4  3 

o  5v 

HW  i 

9  I 

0  10 

4  0 

0  54 

t 

10  9 

0  IN 

4  9 

1  10 

V  or  lev  shedJmg  at  II  at  A  -  id 

*  S.  -!*c*k  '  j:urr  SI  - 'K'unJai »  U«  tr  It  -i  railing  edge  it  -  leading  rJ*r  and  •  scm>i  V*  J  i.  7l 
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unsteady  lift  measurements  were  made.  Figure  5 
shows  a  comparison  of  theory  and  experiment  for 
oscillatory  lift  coefficients  versus  re¬ 

duced  velocity  (1/k).  Also  shown  on  this  figure 
are  the  various  flow  regimes  (see  Table  2)  where 
different  distinct  boundary  layer  activity  was  ob 
served  during  the  flow  visual ization. 


C(k)'  -  C(k)e  "  .  (3) 

A  phase  shift  between  the  virtual  mass  and  oscilla¬ 
tory  lift  contributions  to  was  introduced  to 

synthesize  changes  in  the  Kutta  condition. 


From  the  data  shown  in  Figure  5,  it  can  be 
seen  that  agreement  between  theory  and  experiment 
is  good  in  those  regions  where  boundary  layer  activ¬ 
ity  was  well  behaved.  For  1/k  <  0.75  (k  >  1.33) 
good  agreement  between  theory  and  experiment  is 
noted.  Also,  for  1/k  >  2  (k  <  0.5),  reasonable 
agreement  is  noted.  However,  at  the  knee  of  the 
theoretical  curves  (0.75  <  1/k  <  2.0),  significant 
deviation  between  measured  and  predicted  oscilla¬ 
tory  lift  coefficient  is  noteH.  This  flow  regime 
represents  conditions  where  the  greatest  degree  of 
boundary  layer  activity  is  recorded  wherein  signif¬ 
icant  separation  and  reattachment  of  the  boundary 
layer  was  observed.  Also,  the  f low  near  the  trail¬ 
ing  edge  was  separated  with  flow  alternating  around 
the  trailing  edge  region  as  the  foil  oscillated 
through  its  maximum  and  minimum  angle  of  incidence. 
Since  such  trailing  edge  flow  conditions  will  sig¬ 
nificantly  affect  the  circulation  around  the  os - 
collating  foil  in  comparison  to  that  predicted  from 
lissicai  inviscid  theory,  lift  predictions  were 
a!  sc  carried  out  for  various  values  of  0.  As  noted 
in  rigure  5,  a  30'  phase  lag  in  C(k)  provides  im¬ 
proved  agreement  between  theory  and  experiment. 

Conclusions  and  Recommendations 

'ne  presented  s ’~ul taneous  unsteady  loads 
eas jrements  and  boundary  layer  flow  visualization 
:•  m/’je  additional  insight  into  the  effects  of  vis- 
.  sit,  r.  unsteady  loads  on  oscillatinq  lifting 
s  j  r  *"  ,i  c  e  s  ,  and  additional  insight  into  the  flow  con¬ 
ditions  which  occur  in  different  reduced  frequency 
panes.  The  results  in  this  paper  snow  that: 

o  Toe  Kutta  condition,  based  on  aualitat’ve 
’low  visualization,  was  violated  to*’  ’any 
♦  toe  observed  oscillating  fotl  test  con¬ 
ations. 

Jbserved  boundary  layer  pnenonena  supports 
tne  hypothesis  that  unsteady  boundary  layer 
a  tiv’ty  is  responsible  ’’or  poor  agreement 
between  current  theoretical  predictions  and 
e< pi»r i-ent a  1  data  used  f’or  predicting 
"y'rofoil  unsteady  loads  and  flutter. 

0  W  larjest  1'  sagree*"ent  between  unsteady 
!  ..ad  theory  and  experiment  occurs  in  the 

'•educed  'reiuency  range,  3.5  1  i.  *  3, 

.iMyi  .urrfsponds  with  the  ’"ost  pronounced 
t  undary  '.wer  activity  (ce.,  flow  separa- 
'  'on,  flow  arrurd  the  trailing  edge,  etc  ). 

inf  od-..  ir  ;  i  pn.ise  ’ .v;  in  the  ,  •  cj la *i;r 
1  Af,  r  ;r;v'je',  tetter  agree’-eni  te’^eer 
then*’/  arid  r«;  er:~ef,t , 

*’v  e » ;  «*»•  i  ri»n  t  a  1  wO*’*  presented  ’ thi*.  »•<»;  c  r  t  Sup- 
•  *,.  i»  •  1  c'at  •  ■•r  'v  a  separate  viscous  -ode’ 
v,  'he  t'-a’lirj  cd:e  o’  .m  c .  i  Mat  mg  1 1 '  t  •  "d  su*  - 
'  »  r  Rh''h  an  te  oupled  with  ar  mvisc'd  Me* 

-  Jr  I  'o  provide  jns  tea!.  IcaJ  predi  t  ’  ;ns 

*'r  ’r  S ».  1  t  s  o’  t  h  1 '.  s  tud,  S’  j’j  Pe  "  or  pj  red  t  . 

'hdit:  ;  *  pre.!  •  •  *’•.  *•  9,» t...  -  «f.;  ,  *>.,, 

'  -  1.  ' -rj*r»-  '*•  a  *  jr  e*’t  J  ’I  !«*C,  rj  •••,>■ 


quency  bands  classical  inviscid  solutions  may  be 
applicable  and  adequate. 
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Abstract 

two  delta  wings  with  a  leading  edge  sweep  of 
-o'3. and  f>0*«  were  studied  in  a  towing  tank  at  chord 
Reynolds  number  up  to  3.5xl0^y  The  wings  were 
pitched  about  the  quarter  chord  point  through  typi¬ 
cal  angles  of  attack  of/ 15°  t.  15°,  with  a  reduced 
frequency  in  the  range  of- 0  to  3.  In  the  steady 
state  flow,  dye  visualizations  revealed  the  exis¬ 
tence  of  a  shear  layer  near  the  leading  edge  that 
rolls  up  and  forms  discrete  vortices  parallel  to  the 
leading  edge.  These  vortices  were  observed  to  pair 
at  least  once  as  they  were  convected  downstream. 
Similar  phenomena  were  observed  in  the  unsteady 
case,  except  that  the  vortices  shed  from  the  leading 
edge  were  modulated  and  altered  by  the  unsteady 
motion,  which  was  an  order  of  magnitude  lower  in 
frequency.  In  general,  the  unsteadiness  delaved 
separation  and  promoted  hysteresis  similar  to 
results  obtained  in  unsteady  two-dimensional 
airfoils. 

Nomenclature 

AR  ispect  ratio 

.*  root  chord, 

f  pitching  frequency 

K  reduced  frequency,  "fc^lV 

Rc  chord  Reynolds  number,  IVc/v 
s  wing  semi  span 

t  tine  (seel 

Cowing  speed 
«(:'  angle  of  attack 

3  apex  angle 

angle  between  vortex  cores 
perturbation  wavelength 
kinematic  viscosity 

! .  Introduct i on 

In  i  steady  flow,  a  traditional  two-dimens ! ona 1 
lirfoii  experiences  stall  it  large  angle  of  attack. 
The  reparation  on  the  upper  surf  i'e  reduces  the 
leading  edge  suction  peak  and  subsequently  the  lift 
decreases.  The  stall  angle  for  most  airfoils  is 
i round  12°.  The  aerodynamic  characteristics  of  a 
'•"It  i  wing  are  considerably  different.  The  leading 
edge  suction  peaks  predicted  by  potential  theory  do 
not  exist  fJor.es  tnd  Cohen,  Instead,  two 

smooth  suction  peaks  inbound  of  the  leading  edges 
ire  detected,  ""he  lift  is  mainly  contributed  bv 
"hose  two  peaks  which  are  produced  as  the  flow 
•eparutes  on  the  leeward  side  of  the  wing  and  forms 
a  pair  of  stationary  leading  edge  vortices, 
erefnre,  t’*e  lift  on  a  delta  wing  is  created 

^■"upported  under  \F^SR  ''ontract  r •t<>iO'-'C-C-00V, . 
**!V  r-  men*  Address:  Dept,  of  Aerospace  Engsneer- 
i  ■'  • .  Vnyersitv  ->•  f'ut>-ern  C  1 1  i  f  ornl.i,  Los  Andes, 
r  1 1  »  f  orr.i.i 


the  separated  vortical  structures  rather  than  by  the 
attached  flow  near  a  convex  surface.  These  vortices 
exist  to  angles  of  attack  as  large  as  30°  or  more. 
The  lift  keeps  increasing  with  c  until  the  vortex 
breaks  down.  Hence,  a  delta  wing  is  a  good  means 
to  obtain  high  lift  at  large  angle  of  attack. 

3y  using  air  bubbles  for  visualization  in  a 
water  channel,  Eile  (1958)  showed  that  the  separa¬ 
tion  vortices  have  very  concentrated  cores. 
Furthermore,  the  angle  between  the  two  cores,  y , 
is  not  3  sensitive  function  of  the  angle  of  attack. 
The  ratio  between  y  and  the  apex  angle,  0,  is 
always  between  0.6  and  0.7,  but  the  vortex  cores 
lift  away  from  the  wing  surface  with  increasing  a. 
Fink  and  Taylor  (1967)  investigated  the  pressure 
distribution  on  a  wing  with  3  =  20°.  The  suction 
peaks  of  the  spanwise  pressure  distribution  at 
several  chordwise  locations  always  occurred  at 
about  602  of  the  semispan  from  the  center  for  all 
tested  angles  of  attack,  5°  <  a  <  30°.  In  other 
words,  the  suction  peaks  were  located  under  the 
vortex  cores.  A  more  detailed  visualization  (Fink, 
I°67)  showed  that  there  is  a  counter  rotating  vortex 
associated  with  each  primary  separation  vortex. 

The  existence  of  the  counter  rotating  vortex  could 
also  be  inferred  from  the  total  head  survey. 

Under  many  practical  situations,  e.g.  fast 
mar.uever ing  of  an  aircraft,  the  flow  is  not  steady. 
The  unsteady  aerodynamic  properties  are  signifi¬ 
cantly  different  from  those  In  steady  flow.  For  a 
two-dimensional  airfoil,  the  lift,  drag  and  moments 
experience  large  hysteresis  during  the  execution  of 
one  cycle  (McAlister  and  Carr,  1978  &  McCroskey, 
1*182).  A  large  separation  vortex  develops  near  the 
leading  edge  and  convects  along  the  chord.  High 
level  surface  pressure  fluctuations  are  produced. 

Hn  the  unsteady  delta  wir.g  the  information  about 
the  time  evolving  vortices  is  very  limited 
M-inbourne  et  al.,  1969).  This  is  one  of  the  main 
reasons  for  this  work. 


2 .  Experimental  Approach 
3 . 1  Model s  and  Test  Conditions 

Two  delta  wings  with  a  leading  edge  sweep  of 
A  5"  and  ''0°  were  used  in  the  prevent  investigation. 
The  root  chord  of  both  wings  uas  25  cm,  and  the 
chord  Reynolds  number  varied  .n  the  range  of  C.bxlO-4 
to  d.'-vin'.  Fig.  1  is  i  sketch  of  The  A r' '  delta 
wine,  which  had  i  N.-V'A  ’<"'■1  '  profile  at  each  spanwise 
section.  The  wing  vis  mde  <-f  two  a  l  uni  nun  pieces 
wit1'  grooves  mi  t  'e  inner  surface  of  each  for  dye 
passive  md  storage.  The  "''n  delta  wing  had  a  flat 
sur*  ice  with  i  sharp  lei.llng  edr.-*. 


2.3 


Flow  Visualization 


The  four-bar  mechanism  shown  in  Fig.  2  was 
used  to  sting-mount  and  to  pitch  the  delta  wing 
iround  the  desired  position  along  the  chord.  In 
the  experiments  reported  herein  the  wing  was  pitched 
around  the  1/4  chord  position.  The  mean  angle  of 
attack  could  be  set  from  0°  to  45°.  A  Boston 
R.Uiotrol  motor  derived  the  four-bar  linkages  to 
produce  approximately  sinusoidal  oscillations  of 
amplitude  Z.  > 0 ,  t.  10°  and  i  15°  about  a  given  mean 
angte  of  attack.  The  reduced  frequency,  K  =  rfc/Ua,, 
was  varied  in  the  range  of  0  to  3,  and  a  digital 
readout  displayed  the  instantaneous  angle  of  attack 
■  >:'  the  wing. 


Fig.  2  Photograph  of  tha  Pitching  Mechanism 


Food  color  and  fluorescent  dyes  were  used  in 
the  present  investigation.  The  food  color  dyes  were 
illuminated  with  conventional  flood  lights.  The 
fluorescent  dyes  were  excited  with  sheets  of  laser 
projected  in  the  desired  plane.  To  produce  a  sheet 
of  light,  a  5  watt  argon  laser  (Spectra  Physics, 
Model  164)  was  used  with  a  mirror  mounted  on  an 
optical  scanner  having  a  720  H2  natural  frequency 
(General  Scanning,  Inc.;.  A  sine-wave  signal 
generator,  set  at  a  frequency  equal  to  the  inverse 
of  the  camera  shutter  speed,  derived  the  optical 
scanner  to  produce  light  sheets  approximately  1  mm 
thick. 

Side  views  of  the  flow  field  were  obtained 
using  a  vertical  sheet  of  laser  in  the  x-y  plane  at 
z  »  10  cm  (40%  of  the  root  chord)  and  a  stationary 
camera  outside  the  tank  as  shown  in  Fig.  3.  End 
views  were  obtained  using  a  vertical  sheet  of  laser 
in  the  y-z  plane  at  x  =  20  cn  (80%  of  the  root 
chord).  The  camera  was  stationary  and  by  necessity 
outside  the  towing  channel;  thus  the  view  was  from 
a  45°  oblique  angle  and  the  horizontal  scale  was 
contracted  by  about  30  percent. 


SIDE  VIEW 
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7.7  "owing  Tank  System 


Fig.  3  Definition  Sketch 


The  wings  used  in  the  present  invest i gat  Ion 
were  towed  at  speeds  in  the  range  of  10  to 
1  '.0  rm'soc  through  the  water  channel  described  hv 
G.id-el-Hak  ot  al.  (1981).  The  towing  tank  is  18  n 
long,  1.7  n  wide,  and  0.9  n  deep.  The  pitching 
mechanism  was  rigidly  mounted  on  .«  carriage  that 
rides  a  two  tracks  mounted  on  top  of  the  towing 
system.  During  towing,  the  carriage  was  supported 
1  •  n  o||  film  which  insured  i  vi brat  ionless  tow, 
having  »n  equivalent  tree-stream  turbulence  •>; 
i bout  ".  l  pe  'cent  . 


Dye  sheets  or  d\*e  lines  were  seeped  into  the 
boundary  laver  through  a  system  ot  slots  and  holes 
on  the  suction  side  of  the  wing.  The  slots  were 
0.2  mr.  wide  and  were  milled  at  a  •'* “> *  angle  to  mini¬ 
mize  the  flow  disturbance.  The  holes  were  0.  •*  mm 
diameter  and  were  spaced  it  1  cm  center  to  center. 

Dye  was  also  placed  in  the  : low  : ield  hv  laving 
sever  » 1  thin,  horizontal  sheet  -,  prior  jo  towing  tin 


thickness,  due  to  the  inhibition  of  vertical  motion 
caused  by  introducing  a  weak  saline  stratification 
in  the  tank.  The  dye  layers  remained  quiescent 
until  disturbed  by  the  flow  field  on  and  around  the 
wing.  Thus,  the  boundary  layer  flow  as  well  as  the 
potential  flow  could  be  observed  since  the  dye 
layers  existed  in  both  flow  regions. 

3.  Experimental  Results 
3 . 1  Steady  State  Flow 

Dye  visualization  techniques  were  used  to 
observe  the  flow  on  a  delta  wing  at  fixed  angle  of 
attack  in  the  range  of  0°  to  45°.  The  trailing  edge 
separation  could  be  seen  even  at  zero  angle  of 
attack.  As  a  increased  above  58,  two  stationary 
vortices  occurred  near  the  leading  edge  as  found  by 
other  investigators.  At  the  interface  between  these 
large  primary  vortices  and  the  external  potential 
flow,  a  thin  shear  layer  was  formed  by  the  velocity 
difference  between  the  free  stream  and  the  separated 
region.  The  shear  layer  was  unstable  and  small 
secondary  vortices  were  generated.  In  the  present 
operating  conditions  about  five  small  vortices 
rolled  around  the  primary  vortex/potential  flow 
interface.  At  angles  of  attack  above  10°,  the 
separated  region  was  sufficiently  thick  that  the 
smaller  secondary  vortices  were  at  least  one  dia¬ 
meter  removed  from  the  wing.  Under  these  condi¬ 
tions,  the  secondary  vortices  merged  in  a  pairing 
process  as  they  were  convected  around  t.he  edge  of 
the  primary  vortex,  as  shown  in  Fig.  4  .  In  this 
side  view  using  a  vertical  sheet  of  laser,  the  45° 
delta  wing  was  at  angle  of  attack  a  *  10°,  the  chord 
Reynolds  number  was  Rc  ■  2.5x10^,  and  the  flow  was 
from  left  to  right.  The  pairing  process  appeared 
to  be  quite  similar  to  the  one  observed  in  plane 
mixing  layers  (Winant  and  Browand,  1974).  The 
physical  mechanism  for  generating  the  small  vortices 
in  the  delta  wing  case  is  believed  to  be  the  same 
as  that  in  a  free  shear  layer  (Brown  and  Roshko, 
1°74).  in  the  delta  wing  case,  however,  the  flow 
field  is  more  complicated  because  of  the  complex 
geometry  and  the  non-planav  velocity  field. 


Fig.  4  Side  View  with  Wing  Fixed  at  a  - 10°. 


The  discrete  vortices  were  also  observed  on 
’  e  *0*  sweep,  sharp  leading  edge  delta  wing  is 
shown  in  the  top  view  fn  Fig.  5.  Here,  ■  •  10", 

Rr  -  ,  and  t  he  flow  is  f  ron  top  to  bottom. 

Four  discrete  vortices  could  Sc  di  st  inp.ui  shed  along 
approximate! v  straight  lines  emanating  from  •  he  win- 


apex.  The  pairing  process  was  observed  on  cine 
films  of  this  run. 


At  smaller  angles  of  attack,  the  vortex  merging 
seemed  to  be  inhibited  by  the  presence  of  the  wing 
surface.  At  larger  attack  angles,  intense  mixing 
made  it  more  difficult  to  observe  the  pairing  pro¬ 
cess.  It  is  not  clear  from  the  present  experiments 
whether  the  primary  vortex  only  caused  the  secondary 
vortices  by  setting  up  the  initial  shear  layer,  or 
If  It  was  possibly  the  result  of  several  mergings 
of  the  secondary  vortices. 

Similar  vortex  formation  and  pairing  were 
observed  In  the  pitching  case.  However,  the  pro¬ 
cess  wns  modulated  by  the  lower  frequency  oscil¬ 
lation  of  the  wing  as  shown  in  the  next  section. 


3.2  Unsteady  Flow 


The  flow  visualization  results  of  the  45°  sweep 
delta  wing  undergoing  a  sinusoidal  pitching  notion 
are  presented  in  here  and  in  Flow  Research  Film 
No.  55  (available  on  request!.  On  the  suction  side 
of  the  pitching  delta  wing,  the  leading  edge  separa¬ 
tion  vortices  executed  a  grov-dccay  cycle  during  one 
period.  Fig.  f>  is  a  side  view  of  the  45*  wing  under¬ 
going  the  pitching  motion  ci(t)°  -15  +  5  sin(0.4t), 
at  chord  Reynolds  number  Rc  •  2.5x10*  and  reduced 
frequency  K  ■  0.5.  Both  the  upward  and  downward 
motions  are  shown  side  by  side  for  the  angles  of 
attack  of  10°,  12°,  14°,  16'' ,  18"  and  20°.  At  a 
particular  it  tack  angle,  the  flow  patterns  were 
very  different  during  the  upward  and  downward 
notions,  The  hysteresis  loop  clearlv  existed.  Th<* 

!  i  mo  fete  vortices  formation  ir.d  pairing  is  more 
re  id  i  1  v  >6  so  r  ved  in  tie  upvird  part  o:  the  pitching 
reel*,  and  is  modulate  *  *>v  the  !  >Wer  ’  r<ujuen  • 

•  u*  i  11  it  i  on  •*  !  »  .  •  •  11  z  '  . 


Fig.  7  shows  top  view  of  the  wing  undergoing 
the  pitching  motion  a(t)°  *15+15  sin(0.8t),  at 
chord  Reynolds  number  Rc  =  2.5x10^  and  reduced  fre¬ 
quency  K  =  1.0.  Both  the  upward  and  downward 
motions  are  shown  side  by  side  for  the  attack 
angles  a  =  0°,  5°,  10°,  15°,  20°,  25°  and  30°.  The 
three  dye  slots  on  the  left  side  of  the  wing  are 
closer  to  the  leading  edge  as  compared  to  the  ones 
on  the  right  side.  During  the  up  stroke,  the 
separation  first  started  across  the  whole  trailing 
edge  at  ft  =  2°.  As  the  angle  of  attack  increased, 
the  separation  propagated  upstream  from  the  two 
corners  at  the  trailing  edge  toward  the  apex.  The 
propagation  speed  along  the  leading  edge  was 
approximately  equal  to  the  flow  speed  (10  cm/sec). 
At  ft  ■  30°,  the  separation  front  reached  the  apex 
and  the  separation  vortices  were  fully  developed. 
During  the  down  stroke,  the  vortices  became  smaller 
and  diminished  in  size  at  about  ft  *  10°,  but  the 
flow  was  still  separated  near  the  trailing  edge. 


Fig.  8  shows  an  end  view  of  the  pitching  wing 
ohrn*ned  using  a  vertical  sheet  of  light  In  the  y-z 
plane  at  x  =  0.8  c.  The  view  is  from  c.  45°  oblique 
ingle  and  the  flow  is  out  from  the  plane  of  the 
photograph.  In  this  run  the  wing  underwent  the 
pitching  motion  ft(t)°  =15+10  sin(0.2t),  at  chord 
Reynolds  number  Rc  =  2.5x10^  and  reduced  frequency 
K  *  0.25.  The  up  stroke  at  the  angles  of  attack 
i  ■  56,  10°,  15°  and  20°  is  shown  in  the  figure. 

The  dye  was  re  leased  only  from  the  slots  on  the 
left  side  of  the  wing.  Hence,  only  one  of  the 
leading  edge  separation  vortices  is  marked.  The 
vortex  grows  as  the  angle  of  attack  is  increased. 

In  the  cine  film  from  which  the  frames  shown  in 
Fig.  8  were  obtained,  several  discrete  vortices 
rolled  around  the  primary  vortex  and  merged  in  a 
pairing  process  as  mentioned  above. 


The  dye  layers  technique  was  used  to  visualize 
the  boundary  layer  flow  as  well  as  the  potential 

•  low  around  the  wing.  The  horizontal  dye  layers 
were  excited  with  vertical  sheets  of  laser  in  the 

and  planes.  When  the  wing  passed  through 
tiie  quiescent  dye  layers,  the  local  motion  of  the 
lu id  could  be  inferred  from  the  deformation  of  the 
layers.  In  the  end  views,  t lie  dye  layers  near  the 
center  portion  of  the  span  moved  downward  during  the 
•ip  stroke  as  the  separation  vortex  grew,  indicating 
t  strong  iownwash  in  that  region.  During  the  down 
stroke  a  second  blob  of  dye  appeared  next  to  the 
icparation  vortex  and  nearer  to  the  center  portion 
of  tin*  span,  As  the  angle  of  attack  decreasd,  the 

*  ■■p,i  ra  t  i  on  vortex  diminished  while  the  second  blob 
»:  ive  grew  in  size.  The  nature  of  this  notion  ! 

't  clear  it  present,  but  it  could  be  a  separation 
'nibble  near  the  trailing  edge  similar  to  the  one 
^served  by  Winkelmann  and  Barlow  (1980)  on  a  small 
ispect  ratio  rectangular  wing  at  constant  angle  o! 
i -  t  »c'<  . 


L*  '*  lc_s  of  the  R  -duced  Frequency 

hover  reduced  frequencies  were  also  tried  in 
-r'-r  to  *beck  the  etfect  t  ho  pitching  'requen  v 

i  !  he  teres  i  s  loop.  The  lowest  non-zero 

«•  !  •  req  •i-'ti  Y  I  Move'  In  «  hr-  •  re-.e‘1*  •iff.!" 


5°  10° 


15°  20° 

a  Increasing 

Fig.  8  End  View  of  the  Pitching  Delta  Wing. 


In  general,  the  unsteadiness  delayed  separa¬ 
tion  and  promoted  hysteresis  similar  to  results 
obtained  In  unsteady  two-dimensional  airfoils.  As 
the  attack  angle  decreased  from  its  maximum  value 
at  least  one  and  often  two  large  separated  regions 
appeared  on  the  wing  as  a  result  of  the  unsteadi¬ 
ness.  As  the  oscillation  frequency  increased,  the 
formation  of  the  separated  region  appeared  further 
downstream.  At  K  ■  1,  the  streamlines  remained 
parallel  to  the  wing  surface  until  high  attack 
ingles.  Significant  changes  occurred  when  the 
reduced  frequency  was  above  3.  No  large  scale 
separation  was  then  observed  on  the  wing;  however, 
a  strong  vortex  was  shed  at  the  trailing  edge  as 
ft  passed  through  Its  maximum  value.  Fig.  9  is  a 
side  view  of  the  pitching  wing  using  the  dye  layers 
technique.  The  wing  underwent  the  pitching,  motion 
ft(t)°  *15+15  sin(2.6t),  at  chord  Reynolds  number 
Rr  -  2.5X1014  and  reduced  frequency  K  ■  3.3.  The 
photograph  shows  the  wing  at  angle  of  attack  a  =  2S 
during  the  up  stroke.  The  dye  layers  in  the  outer 
flow  regi  uis  indicates  that  the  potential  flow  Is 
following  the  motion  of  the  wing,  and  that  the 
separation  region  is  restricted  to  be  very  close  to 
the  wing  surface. 


FLOW 


a  25"  (Increasing! 


i '  r 


Fig  9  Side  View  at  High  Reduced  Frequency 


Fig.  10  is  an  end  view  at  the  same  run  condi¬ 
tions  depicted  in  Fig.  9,  but  at  an  attack  angle 
a  *  20°  during  the  down  stroke.  Both  the  separa¬ 
tion  vortex  and  the  second  blob  of  dye  mentioned  in 
the  previous  section  appear  in  the  photograph. 


a  =  20°  (decreasing) 


Fig.  10  End  View  at  High  Reduced  Frequency. 


A  tentative  explanation  for  the  distinct  change 
at  K  >  3  is  as  follows.  The  reduced  frequency  can. 
be  viewed  as  the  ratio  of  the  chord  to  a  "perturba¬ 
tion"  wavelength:  K  *  irfc/Uo?  *  nc/X.  In  other 
words,  the  perturbation  wavelength  is  about  equal  to 
the  chord  length  at  K  *  3.  As  a  matter  of  fact,  the 
reattachment  point  car.  be  seer,  near  the  trailing 
edge  in  Fig.  9.  After  the  flow  is  reattached,  a 
thin  shear  layer  with  intense  vortices  formed  and  a 
strong  vortex  counter  rotating  with  respect  to  the 
attached  wing  circulation  was  shed  from  the  trailing 
edge.  The  induced  velocity  of  this  vortex  kept  the 
potential  flow  moving  downward  with  the  wing.  If 
the  perturbation  wavelength  was  longer  than  the 
chord,  i.e.  K  <  " ,  the  wake  remained  thick.  The 
diffused  vortex  could  not  enforce  a  thin  separation 
region  on  the  wing.  Based  on  these  arguments,  It 
appears  that  a  parameter  based  on  the  chord  length 
and  the  perturbation  wavelength  is  more  appropriate 
to  describe  the  flow  than  the  conventional  reduced 
frequency. 

4.  Conclusions 

Two  delta  wings  with  a  leading  edge  sweep  of 
45s  and  60°  were  studied  in  a  towing  tank  at  chord 
Revnolds  number  up  to  3.5x10^.  The  wings  were 
pitched  about  the  quarter  chord  point  with  sinu¬ 
soidal  oscillations  of  amplitude  JL  5%  1.  10°  and 
1.  IS®  about  a  given  mean  attack  angle  that  varied 
in  the  range  0°  to  45°.  Food  color  and  fluorescent 
dyes  were  used  to  visualize  the  flow  field  on  and 
around  the  wings.  Sheets  of  laser  excited  the 
!‘!uorescent  dye  to  yield  detailed  flow  Information 
in  the  desired  plane. 

The  steady  state  flow  field  was  studied  at 
angles  of  attack  of  0°  to  45”.  Separation  was 
observed  near  the  trailing  edge  on  the  centerline 
at  small  attack  angles.  As  n  increased  above  5°, 
leading  edge  separation  occurred  forming  two  large 
scale  srationay  vortices  approximately  parallel  to 
the  leading  edge  as  found  by  previous  investigators. 
In  addition,  the  dyed  shear  layer  near  the  leading 
••  ige  was  observed  to  roll  ip  and  form  discrete 
vortices  along  approximately  straight  lines  em.in.il - 
lug  t ron  the  wing  ipex,  similir  to  the  ones  common lv 
observed  in  free  shear  l.ivers.  These  vortices 
rolled  i round  the  primary  vortex  potential  t'Lu 
Interface,  ind  merged  in  a  pairing  process  much.  th«- 
.  ime  as  observed  in  pi  tne  mixing  Livers. 


Similar  phenomena  were  observed  in  the  unsteady 
case,  except  that  the  vortices  shed  from  the  leading 
edge  were  modulated  and  altered  by  the  unsteady 
motion  which  had  an  order  of  magnitude  lower 
frequency.  The  leading  edge  separation  vortices 
executed  a  grow-decay  cycle  during  one  pitching 
period.  As  the  angle  of  attack  increased,  the  first 
observable  separation  was  along  the  trailing  edge  of 
the  wing.  As  a  increased  further,  the  separated 
region  increased  by  moving  from  the  wing  tips  along 
the  leading  edge  toward  the  apex.  At  large  angle  of 
attack,  the  potential  flow  field  had  a  downward  com¬ 
ponent  near  the  center  of  the  span  indicating  strong 
downwash  in  this  region.  As  a  decreased  from  its 
maximum  value,  at  least  one  and  often  two  large 
separated  regions  appeared  on  the  wing  as  a  result 
of  the  unsteadiness.  In  general,  the  unsteadiness 
delayed  separation  and  promoted  hysteresis  similar 
to  results  obtained  on  unsteady  two-dimensional 
airfoils.  As  the  oscillation  frequency  increased, 
the  formation  of  the  separated  region  appeared 
further  downstream.  At  a  reduced  frequency  K.  ■  1, 
the  streamlines  remained  parallel  to  the  wing 
surface  until  high  attack  angles.  At  K  ■  3,  no 
large  scale  separation  was  observed  on  the  wing; 
however,  a  strong  vortex  was  shed  at  the  trailing 
edge  as  a  passed  through  its  maximum  value. 
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Abstract 


Separation,  vortex  formation  and  turbulent 
decay  are  visualized  for  accelerating  air  flow 
around  various  bodies,  starting  from  rest.  The 
bodies  investigated  were  a  cylinder,  a  sphere,  a 
flat  plate,  a  round  plate  and  an  NACA  0015 
airfoil.  All  bodies  had  the  same  characteristic 
length  (body  diameter  or  chord  length)  and  were 
subjected  to  the  same  flow  acceleration  resulting 
in  the  same  Reynolds  number  and  allowing  for  a 
meaningful  comparison. 

nomenclature 

0  characteristic  length  (body  diameter,  chord 
length) 

a  flow  acceleration  2.44  m/sec2 

v  kinematic  viscosity  of  the  air  flow  0.18 
cmVsec 

?\  Reynolds  number  a1^  c^2  v”*^  =  5200 

i  angle  of  attack  of  airfoil  or  flat  plate 
b  time 

t  characteristic  time  scale  c1^2  a“1/2  =  0.25 
sec 

t,  time  between  acceleration  startup  (from 

rest)  and  the  first  movie  frame  shown  in  a 
figure 

At  tine  between  shown  consecutive  movie  frames 
in  a  figure 

Introduction 

Visualization  of  starting  flow  around 
plates,  cylinders  and  airfoils  goes  back  to 
Brandt  I  (  1905,  1927).  Starting  flow  around  a 
«;.here  was  visualized  by  Honji  (1972).  More 
recent  visualizations  of  unsteady  flows  have  beer, 
reviewed  by  Taneda  (1977)  and  most  recent 
visualizations  are  due  to  Board  and  Coutanceau 
i  .0 (  •  and  I z u a  1  (1983).  A  comparison  of 

tart  1  ng  flow  around  ever.  .1  limited  number  of 
l.ffcrer.t  todies  is  however  hardly  possitle  on 
the  basis  of  pa„t  work.  There  are  too  widely 
e  r  .  :.g  techniques  of  visualization  a  n  J 
,  rciograp  hy  ,  differences  in  flow  conf  iguratior. 
'water  flow,  airflow,  accelerating  and  impulsive 
f  (  jw,  i.fferer.  t  body  linens  ions,  Reynolds 
numbers,  .  sc-  visual  .zed  etc.). 

We  compared  :ct:e  bodies  under  similar 
condi*.  one  i r.  o riser  to  of. a.:,  insight  into  the 
.ar it.es  tnd  1  i f fer*T:ces  /  vajious  -nsleily 
f.  jw.  ill  SjJ.es  rial  cim:  la:-  1.  metis,  r.s  :  urze 

’  ,'.e  same  i  elefati  f  The  :  af.v  f..u 

/ . .  -a  1  i  of.  .  \ns»  .1  r;  1  ;  :. .  ’  jrijh.;  quest  were 
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A  large,  low  turbulence,  open  return  wind 
tunnel  was  converted  to  unsteady  operation  as 
described  by  Freymuth,  Palmer  and  Bank  (1983). 
The  tunnel  started  from  rest,  then  maintained  a 
nearly  constant  acceleration  of  2.44  m/sec“  (25!f 
of  gravity)  for  5  seconds  prior  to  power  shutoff. 
The  tunnel  had  a  test  section  u.9  m  X  0.9  m 
across  and  was  20  m  long  with  Plexiglas  front  and 
top  walls  allowing  for  photography. 

We  investigated  a  cylinder,  a  sphere,  a  flat 
plate,  a  round  plate  and  an  NACA  0015  airfoil. 
These  bodies  had  the  same  diameter  or  chordle.ogth 
c  =  15.2  cm;  the  Reynolds  number  was  R  =  5200. 

A  strip  of  liquid  titanium  tetrachloride 
(TiCLij)  was  painted  in  flow  direction  on  the  body 
surface,  releasing  dense  white  fumes.  The  method 
is  described  in  detail  by  Freymuth,  Bank  and 
Palmer  (  1983).  Since  smoke  is  released  in  the 
regions  of  vorticity  production  we  assume  that 
smoke  patterns  reveal  vorticity  patterns  near  the 
body  and  in  the  near  wake  behind  the  body,  where 
differences  in  vorticity  diffusion  and  smoke 
diffusion  do  not  represent  a  problem.  A  problem 
may  exist  for  low  Reynolds  number  flow,  far 
downstream,  and  when  vortices  of  opposite  sign 
are  adjacent  to  each  other  (smoke  density  does 
not  have  a  distinction  in  sign). 

Smoke  patterns  were  recorded  for  3  see  with 
a  16  mm  Bolex  movie  camera  at  64  frames  per  sec 
and  with  a  shutter  3peed  of  1/500  sec.  Because 
of  3pace  limitations,  only  a  restricted  number  of 
frames  of  an  acceleration  sequence  can  be  shown 
in  the  Figures  (additional  frames  can  be  obtained 
upon  request  from  the  authors).  In  the  figure 
captions  we  denote  the  time  between  frames  shown 
as  At  and  the  time  from  acceleration  start  to  the 
first  frame  shown  as  t.. 

Interpretation  of  these  pictures  can  bo 
accomplished  by  the  reader  in  any  desired  detail. 
At  the  outset  we  will  present  some  of  our 
interpretation  3  along  with  the  pj.otcgrapns  -r.  the 
next  section. 

In  '.:;e  figures  cf  iris  sect. or.  f.vw  is 
always  from  left  to  r.gnt. 

Figure  1  compares  accelerated  flew  a:  our.:  a 
cylinder  (left  cosumn/  >»nc  around  a  sjr.ere  .right 
•cc  I  us."..’ ,  starting  with  t  r.c  vert,  city  se;  ar  a  t  .or. 
*. cr.gue  from  wr.ion  thv  main  vertex  forms.  F...w  is. 
initial.}'  quite  sis;  jar  .’  „  r  t  v.  ’.  r.  case:.  A 
s'.e  j  an  t .  or.  t  cr.gue  forms  1  r.  J  de  v«* .  s  ir.tc  1  --.ait. 
vertex  first  Observe:  ty  i'ra.Mti  in  1  behind  .1 
•y.-nder  it:  .1  ; r.g  f .  -  -  induces  a 

:our.t  irrotj  t .  ng  .-r  a:-}  .  :  ’  cx  i-x-i  .  r.  be'we..; 
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f j'BJcr  .•  i  ’.  y  Ft  ah  it  .  • . 
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there  is  a  weak  tendency  of  the  main  vortex  to 
decay  into  smaller  ones  prior  to  turbulent  decay. 
For  the  sphere  the  secondary  vortex  is  visible  as 
a  vortex  ring  on  the  sphere  surface. 

Upon  close  examination  quantitative 
differences  exist  between  the  two  cases. 
Separation  for  the  sphere  occurs  later 
(larger  t^)  than  for  the  cylinder  but  transition 
to  turbulence  proceeds  faster,  resulting  in  a 
smaller  primary  vortex.  In  the  late  stages  of 
turbulent  decay  a  turbulent  vortex  street 
oevelops  behind  the  cylinder  (first  observed  by 
Prandtl  1905)  whereas  the  sphere  wake  remains 
rather  symmetric  and  diffuse. 


and  vortex  development  creeps  up  from  the  rear  of 
the  airfoil,  the  sharp  edged  reverse  airfoil  and 
flat  plate  retain  vortex  formation  close  to  the 
leading  edge,  with  vortices  following  each  other 
in  rapid  succession.  These  vortices  get  quickly 
turbulent,  especially  for  the  flat  plate. 

For  the  flat  plate,  the  movie  was  taken  at  a 
wider  angle  of  view  to  show  some  of  the  wake 
downstream  of  the  trailing  edge.  Details  of  the 
wa!:e  for  the  airfoil  are  reported  by  Freymuth, 
Palmer  and  Bank  (1983),  showing  an  unstable  shear 
layer  and  a  subsequent  vortex  street. 

Conclusi ons 


Figure  2  compares  accelerated  flow  around  a 
flat  plate  (left  column),  a  round  plate  (middle 
column)  and  an  .N’ACA  0015  airfoil  (right  column), 
ail  placed  perpendicular  to  the  flow.  For  the 
round  plate  only  the  lower  edge  is  visualized. 
While  vortex  development  is  qualitatively  similar 
for  the  3  cases  the  contrast  to  Figure  1  is 
considerable.  The  separation  tongue  which 
previously  developed  into  the  main  vortex  now 
starts  formation  of  a  vortex  group  consisting  of 
up  to  ca.  20  small  vortices,  some  of  them  in  a 
stage  of  pairing.  The  2  vortex  groups  jehmd  the 
top  and  bottom  edges  of  the  body  then  interact 
wr.M.e  they  become  turbulent.  Secondary  flow  is 
not  established  in  these  cases  except  near  the 
round  upper  edge  of  the  airfoil.  Decay  into 
turbulence  is  slower  than  in  Figure  1  and  is 
1  west  for  the  round  airfoil  edge. 


Figure  3  compares  the  symmetric  MCA  0015 
a  -  f  e  i  1  .left  column)  with  the  same  airfoil  in 
v *_•  rise  isnarp  leading  edge,  round  trailing  edge) 
jr;d  with  the  flat  plate  (right  coiunn),  all  at  an 
angle  of  attack  of  i  =  20°.  In  all  3  cases 
vertex  uevelopnent  is  ilmilar  near  the  leading 
edge.  As  ir.  case  of  the  cylinder  (Fig.  1}  a 
triple  structure  forms  consisting  of  the  primary 
vortex,  i  secondary  counter -rotating  vortex  and  a 
v  j."‘  ex,  which  forms  a  beautiful  pattern 
"se-ond  frame,  left  column'.  Also  a  second 
co*ntr*  rotating  vor'ex  is  m  evidence  near  the 
a;  ex  .third  frame,  left  column)  along  with  some 
fa.:.’  .r.dicatio#  of  a  small  tertiary  vertex 
e  h :  *.  i  the  secondary  vortex.  The  formation  of 
•:v*C'  more  elaborate  patterns  is  prevented  by 
i ent  leoajr  with  the  primary  vortex  rolling 
a  turbulent  large  s^ale  structure  over  *  he 
a . : f v i  1 .  F.-r  the  reversed  airfoil  and  for  the 
f.  1 1  ;  late  r  he  separation  i„:.gue  .  s  nearer  the 
•  a  1 . :.g  edge  titan  for  the  regular  airfoil  and 
:  .  "  1  . ;  men*.  *  >  ’ur  buler.ee  for  the  former  cases  is 
z  re  1  cw  .  y .  For  the  a :  :•  f  oil,  an  additional 
.mmature  vortex  seems  to  form  closer  to  th«* 
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We  have  compared  accelerating  flow  around  a 
limited  number  of  bodies  under  similar 
experimental  conditions.  Obviously  a  more 
general  investigation  is  possible  by  considering 
additional  body  shapes  and  by  changing  some 
experimental  conditions  simultaneously  for  all 
bodies,  in  particular  the  Reynolds  number. 
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Abstract 

This,  paper  presents  preliminary  results  from  a 
program  of  work  in  which  a  surface  singularity  panel 
method  is  being  extended  for  modelling  the  dynamic 
interaction  between  a  separated  wake  and  a  surface 
undergoing  an  unsteady  motion.  The  method  combines 
the  capabilities  of  an  unsteady  time-stepping  code 
and  a  technique  for  modelling  extensive  separation 
using  free  vortex  sheets.  Routines  are  being  de¬ 
veloped  for  treating  the  dynamic  interaction  be¬ 
tween  the  separated  wake  and  the  solid  boundary  in 
an  environment  where  the  separation  point  is  moving 
with  time.  The  behavior  of  these  routines  is  being 
examined  in  a  parallel  effort  using  a  cwo-dimension- 
al  pilot  version  of  the  three-dimensional  code. 

This  allows  refinements  in  the  procedures  to  be 
quickly  developed  and  tested  prior  to  installation 
into  the  main  code. 

The  extended  code  is  being  coupled  with  an  un¬ 
steady  integral  boundary  layer  method  to  examine 
the  prediction  of  dynamic  stall  characteristics. 

The  boundary  layer  code  is  accessed  during  the  time- 
step  cycle  and  provides  the  separation  locations  as 
well  as  the  boundary  layer  displacement  effectr'the 
latter  is  modelled  in  the  potential  flow  code  using 
the  source  transpiration  technique. 

The  preliminary  results  presented  here  include 
basic  unsteady  test  cases  for  both  the  potential 
flow  and  boundary  layer  routines.  Some  exploratory 
separated  flow  calculations  are  included  from  a 
series  of  numerical  studies  on  the  stability  of  the 
calculation  procedure.  Correlations  with  experi¬ 
mental  dynamic  stall  results  have  yet  to  be  per- 
f o  rmed . 


Introduction 

Flow  separation  on  the  lifting  surfaces  of  a 
vehicle  at  high  angle  of  attack  is  always  complica¬ 
ted  by  a  certain  degree  of  unsteadiness,  but,  when 
the  vehicle  itself  is  undergoing  unsteady  motion  or 
deformation,  or  if  it  enters  a  different  flow  field 
rapidly,  then  me  complexity  of  the  separated  flow 
is  evf  greater,  and  culminates  in  the  phenomenon  of 
dyns.'ic  stall.  If  the  angle  of  attack  oscillates 
around  the  s’atic  stall  angle,  the  fluid  dynamic 
forces  arid  moments  usually  exhibit  ’arge  amounts  of 
hysteresis  and  a  condition  of  negative  aerodynamic 
damping  often  develops  during  part  of  the  cycle. 

This  can  lead  to  the  condition  of  flutter  in  a 
single  degree  of  freedom  oscillation  rigid  body  no- 
tiun.  {Normally,  in  attached  flow,  flutter  only 
occurs  when  the  bod,.  not.-  r  includes  multiple  de¬ 
grees  of  freedom,  e.g.,  combined  bending  and  torsion 

*  Hauer  presented  at  the  AFQSR/FJSRL  Workshop  on 
'in  icauy  Separated  Flows,  USAT  A^aem,-,  Colorado 
Springs,  CO,  August  10-11.  1983. 
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of  an  aircraft  wing.)  During  a  rapid  increase  in 
angle  of  attack,  the  static  stall  angle  can  be 
greatly  exceeded,  resulting  in  excursions  in  the 
dynamic  force  and  moment  values  that  are  far  greater 
than  their  static  counterparts.  The  consequences  of 
dynamic  stall  are  far-reaching  and  lead  to  such 
problems  as  wing  drop,  yaw  (sometimes  leading  to 
spin  entry),  wing  rocking  and  buffeting  as  well  as 
stall  flutter. 

Although  a  great  deal  has  been  learned  about 
dynamic  stall  character! sti cs--mai nly  through  ex¬ 
perimental  ,observation--there  is  not  at  this  time  a 
completely  satisfactory  theoretical  method  (1),  \Z) 
for  predicting  the  dynamic  stall  characteristics 
for  new  untested  shapes  even  for  the  two-dimensional 
case.  Moreover,  quantitative  comparisons  of  experi¬ 
mental  test  data  on  new  geometries  can  be  obscured 
by  the  effects  of  three-dimensional  wind-tunnel  in¬ 
teractions,  wall  interference  and  experimental  un¬ 
certainties  (3).  In  the  present  work  a  possible 
theoretical  approach  is  examined  for  predicting  dy¬ 
namic  stall  characteristics.  The  approach  combines 
an  unsteady  time-stepping  method  (4)  with  a  steady 
inviscid/viscid  iterative  code  (5)  that  includes  an 
extensive  separation  model.  The  latter  has  proven 
very  successful  in  the  steady  case.  Both  codes  are 
applicable  to  general  three-dimensional  shapes  and 
have  been  developed  from  the  same  basic  panel  method 
(6). 

Extensive  investigations  of  the  dynamic  stall 
characteristics  of  airfoiis  oscillating  in  pitch 
have  been  reviewed  by  McCroskey  (1),  (2).  In  prac¬ 
tical  aerodynamic  environments,  the  unsteadyness  can 
be  a  combination  of  several  motions.  Unsteady  mo¬ 
tions  other  than  pitching  have  been  investigated  by, 
among  others,  Liiva  et  al.  (7),  Lang  (8),  Lang  and 
Francis  (9),  Maresca  et  al.  (10),  and  Saxena  et  al. 
(11).  In  these  references  the  phenomena  of  plunging, 
flap,  spoiler  and  rectilinear  oscillations  were  ex¬ 
amined.  There  are  very  few  theoretical  approaches, 
however,  and  in  a  recent  review,  McCroskey  (2)  con¬ 
cludes  that  at  the  present  time  the  engineer  who 
needs  answers  should  turn  to  one  of  the  empirical 
correlation  techniques,  even  though  these  are  not 
completely  satisfactory  and  only  supply  broad  de¬ 
tails  of  force  and  moment  characteri sti cs .  The 
method  of  Ericsun  ana  Reding  is  perhaps  one  of  the 
most  comprehensive  of  tnese  methods.  Their  latest 
paper  {12)  incorporates  a  number  of  findings  from 
the  systematic  experiments  of  Carr  et  al.  (13). 

Early  theoretical  approaches  to  dynamic  stall 
addressed  the  deep  stall  aspect  which  is  dominates 
by  che  passage  of  vortices  shea  from  the  vicinity  of 
the  leading  edge.  Ham.  (14)  used  just  a  thin  plane 
model  of  the  airfoil.  Later  work  by  Baudu  et  al. 

(15)  extended  the  basic  model  to  thick  sections  us- 
inu  a  panel  method.  -rhe  main  drawback  with  the  ap¬ 
proach  is  that  crucial  assumptions  regarding  the  lo¬ 
cation  and  time  of  vortex  shedding  nave  to  be  made 
'n  oraer  to  perform  the  calculations .  Also,  the 
results  ,15}  are  sensitive  to  (a)  the  ancle 

at  which  the  vortex  path  leaves  t*e  surface,  (b)  the 


time  at  which  vortex  emissions  terminate  so  as  to 
start  the  reat'achment  process  and  (c)  the  viscous 
diffusion  of  the  free  vortices. 

Calculations  of  the  characteristics  of  the 
thin  boundary  layer  in  the  attached  flow  regions  of 
an  oscillating  airfoil  using  unsteady  methods  (16), 
(17),  have  demonstrated  good  qualitative  agreement 
with  experimental  observations.  However,  one  fea¬ 
ture  at  least  needs  further  examination  in  regard 
to  improved  modelling:  it  is  reported  (18),  (191, 
that  when  incidence  is  increasing  beyond  the  static 
stall  angle,  the  location  of  zero  skin  friction  in 
the  turbulent  boundary  layer  and  the  catastrophic 
separation  can  occur  at  different  stations.  Figure 
1.  Apparently,  a  long  thin  tongue  of  reversed  flow 
precedes  the  main  separation  zone.  This  is  not  ob¬ 
served  under  quasi-steady  conditions. 


sc  0 


Fig.  1.  Model  of  '^ears  and  Telionis  (19)  for  Up¬ 
stream-Moving  Separation  of  an  Unsteady 
Boundary  Layer. 

Crimi  and  Reeves  (20)  combined  a  potential  flow 
method  with  an  unsteady  boundary  layer  analysis  in 
a  viscous/inviscid  interaction  approach.  The  poten¬ 
tial  flow  model  was  based  on  chordline  singularities 
and  so  excluded  modelling  of  the  thick  wake.  Also, 
detail  of  the  stagnation  point  location  in  relation 
to  the  curved  leading  edge  was  missing.  Emphasis 
was  placed  on  the  details  of  leading-edge  bubble 
oursting  and  application  to  trai ling-edge  separation 
was  rot  attempted.  Shamroth  and  Kreskovsky  (21)  de¬ 
veloped  a  similar  technique  but  with  improveo  treat¬ 
ment  of  the  separated  flow  region,  transition  phen¬ 
omena  and  potenital  flow  region.  However,  the  pro¬ 
cedure  failed  to  predict  the  flow  field  about  the 
stalled  airfoil.  They  concluded  that  the  effect  on 
the  outer  inviscid  solution  due  to  the  finite  wake 
displacement  must  be  modelled. 

In  spite  of  the  shortcomings  of  the  above  ap¬ 
proaches,  the  general  technique  of  matching  various 
viscous  and  inviscid  regions  remains  an  attractive 
alternative  to  the  full  Navier-Stokes  treatment. 
Although,  in  principle,  the  latter  can  overcome  lim¬ 
itations  of  the  potential  flow/boundary  layer  itera¬ 
tive  approach,  such  treatment  is  limited  at  this 
time  to  laminar  flows  at  Reynolds  numbers  much  lower 
tnan  realistic  for  most  practical  appl i c.«t ions  (2). 
Progress  twoards  higher  Reynolds  numbers  is  being 
made,  but  applications  to  general  problems  is  still 
a  long  way  away  (22). 


The  present  method  goes  beyond  the  capabilities 
of  the  earlier  theoretical  approaches  in  that  both 
trai ling-edge  and  leading-edge  stall  with  vortex 
passage  can  be  included  in  principle.  The  method, 
developed  for  the  three-dimensional  case,  is  appli¬ 
cable  to  arbitrary  configurations  and  to  general 
motions;  i.e.,  not  just  pitch  oscillation.  In  addi¬ 
tion,  because  the  basis  of  the  method  is  a  surface 
singularity  panel  code,  a  more  reliable  and  direct 
coupling  between  the  inviscid  and  viscous  analysis 
is  assured.  Moreover,  modelling  of  the  separated 
zone  in  the  trai 1 i ng-edge  region  and  more  detailed 
treatment  of  the  vortex/surface  interaction  should 
make  the  approach  more  viable  for  applications  to 
dynamic  separation  problems. 


Potential  Flow  Methods 

General 

Although  remarkable  advances  are  being  made  in 
flow  field  calculations  using  finite-difference  and 
also  finite-element  methods,  the  surface  integral 
approach  using  panel  methods  couDled  with  special 
routines  for  nonlinear  effects  still  offers  distinct 
advantages  for  many  real  flow  problems.  In  particu¬ 
lar,  pane!  methods  offer  greater  versatility  for 
practical  application  to  complicated  configurations 
and  are  considerably  more  efficient  in  terms  of  com¬ 
puting  effort.  However,  the  concept  of  zonal  model¬ 
ling-in  which  a  local  Navier-Stokes  analysis  is 
coupled  with  a  panel  method--should  not  be  overlook¬ 
ed.  Ultimately,  such  a  coupling  should  lead  to  an 
improved  modelling  of  vortices  (e.g.,  vortex  cores, 
vortex  dissipation  and  breakdown),  thick  viscous  re¬ 
gions,  local  separation  bubbles,  and  shock  wave/ 
boundary  interactions. 

Over  the  past  decade,  panel  methods  have  seen  a 
trend  towards  higher-order  formulations  (23),  (25) 
and  (26)  At  the  outset  it  was  argued  that  compared 
with  the  earlier  low-order  methods  the  more  continu¬ 
ous  representation  of  the  surface  singularity  dis¬ 
tribution  should  allow  a  reduction  in  panel  density 
for  a  given  solution  accuracy  and,  hence,  should 
lead  to  lower  computing  costs.  No  such  benefits 
have  appeared  so  far  for  the  general  three-dimen¬ 
sional  case.  In  fact,  preliminary  investigations 
(27)  have  indicated  that  the  prediction  accuracy 
for  problems  with  complicated  interactions,  such  as 
vortex/surface  or  high  curvature  situations,  depends 
more  on  the  density  of  control  points  where  the 
boundary  condi tions  are  enforced;  the  order  of  the 
singularity  distribution  plays  a  minor  role.  In 
the  meantime,  further  developments  of  piecewise  con¬ 
stant  singularity  panel  methods,  e.g.,  Merino  (28) 
and  AMI's  Program  VSAERO  (6),  are  giving  comparable 
accuracy  to  the  higher-order  methods  at  much  lower 
computing  costs. 

The  low  computing  cost  of  Program  VSAERO  makes 
it.  practical  to  apply  the  method  to  nonlinear  prob¬ 
lems  requiring  iterative  solutions,  e.g.,  wake  re 
laxation  for  high-lift  configurations ,  multiple- 
component  problems  and  rotor  cases;  and  viscous /in¬ 
viscid  calculations  with  coupled  boundary  layer 
analyses,  including  the  case  with  extensive  separa¬ 
tion  (5),  and  also  time-steppi ng  calculations  for 
three-dimensional  unsteady  problems  (A)  that  are 
beyond  the  scope  of  a  harmonic  analysis.  This 
method,  therefore,  offers  ar  attractive  basis  for  a 


practical  tool  aimed  at  predicting  the  aerodynamic 
characteristics  of  dynamic  ^tall  problems.  At  the 
outset,  this  code  was  being  developed  in  two  dif¬ 
ferent  directions;  viz,  one  was  for  extensive  sepa 
ration  modelling  under  "steady"  conditions,  while 
the  other  was  for  unsteady  time-stepping  calcula¬ 
tions.  These  two  capabilities,  described  in  the 
section  below,  have  now  been  brought  together  in 
one  code. 

Separated  Flow  Model 


Under  essentially  steady  conditions,  the  pres¬ 
sure  distribution  in  a  trai 1 i ng-edge  separation  re¬ 
gion  is  usually  characterized  by  a  constant  pres¬ 
sure  region  extending  back  to  the  trailing  edge 
followed  by  a  short  recompression  region  (e.g., 

(29) ).  A  simplification  of  this  characteristic  is 
modelled  in  the  two-dimensional  CLMAX  program  (30), 

(31)  using  a  pair  of  constant  strength  vortex  sheets 
to  enclose  the  separated  region,  Figure  2.  The 
length  of  the  sheets  required  a  semi -empirical  ap¬ 
proach  and  the  condition  that  the  sheets  be  force- 
free  is  satisfied  in  an  interative  cycle  in  which 
segments  of  the  sheet  are  aligned  with  calculated 
local  flow  directions.  The  method  combines  boundary 
layer  and  potential  flow  codes  in  an  outer  inviscid/ 
viscid  iteration  cycle.  The  potential  flow  pressure 
distribution--which  includes  the  influence  of  the 
free  vortex  sheets--is  passed  to  the  boundary  layer 
routine  which  then  supplies  the  separation  points 
and  the  boundary  layer  displacement  thickness  dis¬ 
tribution  for  the  next  iteration.  The  boundary  layer 
displacement  effect  in  the  attached  flow  region  is 
modelled  by  transpiration  (i.e.,  source  distribu¬ 
tion)  rather  than  by  a  displacement  surface.  The 
main  advantage  of  the  transpiration  approach  is  that 
the  matrix  of  influence  coefficients  in  the  panel 
method  remains  essentially  the  same  from  one  itera¬ 
tion  to  the  next;  only  the  wake  condition  changes. 

The  thin  vortex  sheet  model  of  the  upper  sepa¬ 
rated  shear  layer  was  demonstrated  by  Young  and  Hoad 

(32)  to  be  a  reasonable  representation  of  the  flow 
as  far  back  as  the  trailing  edge.  For  example,  a 
comparison  from  (32)  of  a  laser-velocimeter  flow 
survey,  and  a  CLMAX  program  calculation  is  shown 
here  in  Figure  3.  Downstream  of  the  trailing  edge 
the  vortex  sheet  model  becomes  less  representative 
of  the  flow;  however,  a  later  evaluation  of  a  graded 
vorticity  model  over  the  recompression  zone  showed 
little  effect  on  the  airfoil  solution.  More  detail¬ 
ed  modelling  of  the  recompression  zone  (such  as,  for 
example,  the  approaches  used  by  Gross  (33)  or  Zumwalt 
{34}  would  be  desirable  in  cases  where  the  wake  in¬ 
teracts  closely  with  a  downstream  component. 

A  particular  feature  of  the  vertex  sheet  model 
enclosing  the  region  of  low  energy  is  that  nressures 
can  be  calculated  directly  in  the  separated  zone 

(30) .  This  is  an  additional  advantage  over  the  dis¬ 
placement  surface  approach  of  Henderson  (35)  and 
over  the  source  outflow  model  of  Jacob  (36).  The 
CLMAX  method  generally  gives  very  close  agreement 
with  experimental  pressure  distributions  (30),  (31). 
An  initial  extension  of  this  method  to  the  unsteady 
case  is  reported  in  (31)  where  guasi-steady  solu¬ 
tions  coupled  with  a  phase  shift  model  were  used. 
Extension  of  the  model  to  the  three-dimensional  case 
is  reported  in  (3?)  for  a  stripwise  model  and  in 

(5)  for  a  more  general  treatment.  The  separation 
model  has  also  been  successfully  installed  in  a 
transonic  fi ni te-di f fere nee  code  2P). 


The  same  basic  model  is  also  applicable  for 
the  unsteady  case;  here,  however,  the  assumption 
of  constant  vorticity  is  no  longer  valid.  In  fact, 
a  dynamic  wake  model  is  essential  and  will  be  dis¬ 
cussed  below  after  tiie  description  of  the  unsteady 
formulation. 


Fig.  3.  Location  of  Experimental  Free  Shear  Layer 
and  CLMAX  Calculated  Vortex  Sheet  Center- 
lines  for  Low  Mach  Number  Case  (from  (321) 


Unsteady  Method 

Formulation.  Consider  the  whole  of  space 
divided  into  two  regions  by  the  surface  of  the  con¬ 
figuration  and  assume  the  existence  of  Laplacian 
velocity  potential  distributions  in  the  two  regions 
i.e.,  I  in  the  flow  field  and  :  in  the  blade  in¬ 
terior.  If  we  now  apply  Green' £  third  identity  to 
the  two  regions,  then  the  total  potenital  at  a 
point,  P,  or.  the  inside  surface  of  the  Doundary  can 
be  written: 


■  j  i  i ,  ■  )■  ■  (;)  > 


Here,  r  is  the  length  of  the  vector  from  the  sur¬ 
face  element  to  the  point,  P.  and  S-P  signifies 
that  the  point,  P,  is  excluded  from  the  surface  in¬ 
tegration.  Equation  (1)  includes  the  contribution 
from  the  wake  surface,  W. 

The  Dirichlet  boundary  condition  is  now  applied 
in  the  interior  region  to  render  a  unique  distribu¬ 
tion.  In  principle,  any  potential  flow  can  be  ap¬ 
plied.  However,  the  f^ow,  =  iu,  implied  by 
Mori  no  (28)  and  used  by  Johnson  and  Rubbert  (25), 
has  proven  to  be  very  reliable  in  practice.  With 
this  flow,  Eq.  (1)  becomes 
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where  tne  perturbat ion  velocit,  is  v  -  h  is  vie 
j  * '  -  jf  'otjtion,  • ,  ar.c  e'e  me  instantaneous  s.n- 
set  flo«  and  annular  velocity,  respectively .  and 
is  me  relative  position  vector  between  a  point  v. 
the  nutation  a<is  ano  a  point  >n  the  surface. 


and  Eq.  (2)  becomes 
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This  is  the  basic  equation  of  the  method.  It 
is  solved  for  the  unknown  surface  perturbation  po¬ 
tential,  •$,  or  surface  doublet  distribution,  u,  at 
a  number  of  time  steps  as  the  configuration  proceeds 
through  the  motion.  The  wake  surface  is  transported 
at  the  end  of  each  step  using  calculated  velocities 
of  points  on  the  wake  surface.  The  doublet  distri¬ 
bution,  :•[)  -  ;l,  on  each  wake  surface  is  known  from 
solutions  at  earlier  time  steps.  The  unsteady  Kutta 
condi tion 


ft  +  r 


=  0 


(5) 
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where  the  perturbation  potential  in  the  flow 
field,  has  teen  substituted  for  .*  - 

The  first  two  terms  in  Eq.  (2)  give  the  pertur¬ 
bation  potential  due  to  a  distribution  of  normal 
doublets  of  strength,  on  the  configuration  sur- 
*ace.  Similarly,  the  third  term  represents  a  doub¬ 
let  distribution  of  strength,  :u  -  :i ,  or  the  wake 
and  the  fourth  term  represents  a  source  distribu¬ 
tion  of  strength,  n  •  . ; ,  on  the  configuration  sur¬ 
face. 

Equation  (2)  is  basically  the  same  as  the  for- 
vuiation  given  by  Mori  no  v28)  ,  who  used  a  direct 
application  of  Green's  theorem  in  the  flow  field. 

The  present  approach  to  the  problem  is  a  special 
case  of  a  multi -domain  formulation  which  has  lead  to 
the  More  general  three-dimensional  method  in  which 
large  regions  of  separated  flow  are  modelled  in  a 
similar  way  to  that  in  the  CLMAX  program  (5),  (30) 
and  (31). 

The  source  tent;  in  Eq.  [2)  can  be  evaluated 
.nrev.ll>'  from  the  condition  of  no  flow  penetration 
at  the  surface.  The  flow  velocity  relative  to  the 
body-fi  >ei  frattie  is  at  any  instant  of  true 


is  satisfied  at  points  along  each  wake  separation 
line  at  each  time  step. 

At  each  time  step  the  flow  solution  is  deter¬ 
mined  with  reference  to  the  body- fixed  frame.  The 
incompressible  pressure  coefficient  is,  therefore, 
given  by 
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where  r  ..h  £  -  V _  is  the  i nstantaneous  velocity 

cf  a  point  on  the  surface  relative  to  a  stationary 
reference  frame,  and  V  is  given  by  Eq.  (3). 

Numerical  Procedure.  The  general  arrangement 
of  the  configuration  is  shown  in  Figure  4.  The  *, 
y ,z  coordinate  system  with  unit  veciors.  i_,j,k  is 
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fixed  relative  to  the  configuration.  For  symmetri¬ 
cal  applications,  the  z-x  plane  is  regarded  as  the 
plane  of  symmetry. 

A  numerical  procedure  has  been  assembled  in  a 
time-stepping  mode  to  obtain  the  unsteady  pressure 
distribution  and  forces  and  moments.  The  surface 
of  the  winn  is  represented  by  planar  quadrilateral 
panels  over  each  of  which  the  doublet  and  source 
distributions  are  assumed  constant.  With  this  as¬ 
sumption,  the  surface  integrals  in  Eq.  (4)  can  be 
performed  in  the  closed-form  for  each  panel. 

Equation  (4)  is  then  satisfied  simultaneously 
at  a  point  at  the  center  of  each  panel.  If  there 
are  N  panels  representing  the  configuration  surface, 
Eq.  (4)  becomes: 
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where  is  the  unknown  doublet  value  on  panel  K. 
(Note:  !„  *  r'K/4rr-) 
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where  Ny,  the  number  of  panels  in  the  wake,  varies 
with  time  and  and  V,.  take  their  instantaneous 
values  at  each  time  step. 


N 


is  the  source  distribution  due  to  rotation  about 
the  axis,  h,  and 


N 


are  the  components  of  a  three-part  source  distribu¬ 
tion  due  to  tne  relative  translation  of  the  cun- 
figuration  and  the  onset  flow.  (Note:  in  a  sym¬ 
metrical  case  the  y- component  is  zero.) 

The  quantities,  B.j^  arid  Cjm.  are  the  velocity 
potential  influence  coefficients  fo*‘  the  constant 
source  and  doublet  distrioutions .  respectively,  oh 
pa**el  h  acting  on  the  control  point  on  panel  J. 
these  include  contri butions  from  the  image  panel  in 
the  symmetrical  case.  Expressions  for  these  influ¬ 
ence  coefficients  have  been  given  by  Vjrino  m  ..J) 
based  on  hyperbolic  parabol  ldal  ; anels.  bl:  ihtl| 


different  expressions  are  installed  in  the  VSAERO 
code  based  on  planar  panels. 

Equation  (7)  is  solved  by  a  direct  method  for 
N  <  320  and  by  an  iterative  method  for  N  >  320. 

The  surface  pressure  distribution  is  calculated 
using  Eq.  (6).  The  surface  gradient  of  u  is  evalu¬ 
ated  on  each  panel  by  differentiating  a  two-way 
parabolic  fit  through  the  doublet  values  on  the 
panel  and  its  four  immediate  neighbors  At  the 
separation  lines  a  simple  differencing  is  applied 
for  the  gradients  approaching  the  separation  line. 

The  gradient  of  <p  with  respect  to  time  is 
evaluated  by  central  differencing  over  two  time 
steps;  i.e.. 


For  harmonic  motions  the  real  and  imaginary 
pressures  are  obtained  by  Fourier  analysis  for  the 
first  harmonic  based  on  solutions  over  a  complete 
cycle.  The  calculations  start  with  incidence  oq 
and  a  regular  (i.e.,  steady)  wake.  Two  iterations 
are  performed  to  render  the  wake  force  free.  An 
oscillatory  doublet  component  based  on  a  linearized 
solution  is  then  superimposed  along  each  wake  line 
before  starting  the  time-step  model.  Time-step  cal¬ 
culations  proceed  over  a  half  cycle  before  applying 
the  Fourier  analysis. 

At  each  time  step  a  new  panel  is  formed  at  the 
head  of  each  column  of  wake  panels  and  all  the  exist¬ 
ing  wake  panel  corner  points  are  convected  down¬ 
stream  at  the  local  velocity.  Each  wake  panel  keeps 
the  doublet  value  it  received  at  the  time  it  was 
formed.  This  doublet  value  is  based  on  the  condi¬ 
tions  at  the  separation  line  and  satisfies  Eq.  (5). 

It  is  assumed  that  the  shedding  occurs  at  constant 
vorticity  over  the  time  interval,  t.  In  this  way 

t+it 

the  doublet  strength,  ,  on  the  new  wake  panel 

t 

is  related  to  the  strength,  ^  ,  of  the  previous 
wake  panel  at  the  separation  line  by 
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wnere  ..T  is  the  resultant  doublet  value  at  the 
separation  line. 

U ns  t e ad  y  JSepa r a  t ed  How 

’be  combined  code  'or  separated  flow  modelling 
in  the  unsteady  ca»e  requires  a  more  sophisticated 
treatment,  of  the  free -shear  lave*"  model  than  was 
used  t\>r  me  steady  case.  iVlucities  are  still  cal¬ 
culated  at  a  set  of  ;>o  i  nt  s  each'  fre«  sheet, 

but  in  the  unsteady  case  *e  now  transport  tVse 
!o i  r t s  raud  V'eir  associated  loublet  value  alone 


the  calculated  velocity  vectors  for  a  small  time 
interval,  At.  In  this  way,  as  time  progresses,  a 
dynamic  wake  model  is  generated.  At  each  step  a 
new  piece  of  free  sheet  is  shed  from  the  calculated 
separation  point;  the  strength  and  size  of  this  new 
segment  is  determined  by  the  local  upstream  veloci¬ 
ty  condition.  The  location  of  the  separation— cal- 
culated  using  an  unsteady  boundary  layer  code,  see 
the  next  section--can  now  move  with  time. 

It  is  convenient  to  regard  the  local  vorticity 
(i.e.,  doublet  gradient)  on  the  free  vortex  sheets 
in  two  components;  a  streamwise  component  and  a 
cross-flow  component.  The  streamwise  component  is 
already  force  free  and  is  related  to  the  spanwise 
rate  of  shedding  of  circulation  from  the  wing.  The 
cross-flow  vorticity  component  is  associated  with 
direct  dumping  of  bound  circulation  from  the  sepa¬ 
ration  line  and  must  be  transported  with  the  local 
flow  velocity  in  order  to  be  force  free.  This 
cross-flow  vorticity  component— which  was  assumed 
constant  with  streamwise  distance  in  the  steady 
case-now  varies  along  each  streamline  on  the  free 
sheets  for  two  r  r.sons.  first,  the  vorticity  value 
being  convected  onto  the  free  sheet  at  each  separa¬ 
tion  po’nt  is  varying  in  time  because  of  varying 
onset  flow  conditions  and  because  of  the  changing 
separation  locations,  secondly,  stretching  by  the 
entire  configuration  of  solid  surfaces  and  free 
wake  sheets.  This  stretching  of  the  doublet  dis- 
oribution  carried  by  the  free  sheets  yields  varying 
vorticity  values  when  the  doublet  gradient  is  evalu¬ 
ated.  In  this  way  the  free  sheets  can  become  highly 
distorted  and  centers  of  vortex  roll-up  may  form. 
Special  treatment  of  the  sheets  is  therefore  essen¬ 
tial  if  numerical  stability  is  to  be  maintained. 

Two  routines  are  being  evaluated  in  tnis  work  but 
they  have  not  been  fully  implemented  at  this  time. 


Fig.  5.  Illustration  of  Multiple  Vortex  Core  Amal¬ 
gamation  and  Redistribution  Scheme. 

tribution  scheme  is  being  arranged  along  the  cal¬ 
culated  mean  streamlines  in  the  wake  sheets.  This 
causes  some  difficulty  if  amalgamation  is  not  pro¬ 
ceeding  uniformly  along  all  lines  on  a  sheet. 

Calculations 

As  the  routines  are  being  developed,  prelimin¬ 
ary  calculations  are  being  performed  to  check  the 
basic  operation  of  the  code.  Figure  6  shows  the 
growth  of  indicial  lift  and  circulation  for  a  NACA 
0012  impulsively  started  from  rest  at  an  angle  of 
attack  of  .1  rad.  The  curves  are  compared  with 
Wagner's  function  for  indicial  lift  and  R.T.  Jones 
indicial  circulation  for  a  flat  plate.  These  in¬ 
itial  calculations,  which  used  31  panels  around  the 
section,  are  in  good  agreement  and  indicate  a 
slightly  higher  trend  which  is  consistent  with  a 
higher  steady  state  circulation  for  the  thickness 
case. 


(i)  Vortex  Amalgamation 


To  cater  for  vortex  roll-up  in  a  reasonable 
manner  it  is  essential  to  include  a  vortex  core 
inode  1  in  wnich  integrated  vorticity  is  accumulated 
rather  than  to  follow  a  detailed  calculation  of  mul¬ 
tiple  turns  of  a  vortex  spiral.  An  amalgamation 
scheme  similar  to  that  of  Moore  (39)  is  being  used. 
When  the  angle  between  neighboring  segments  rep¬ 
resenting  a  sheet  exceeds  a  specified  angle,  the 
segment  end  points  are  merged  to  a  new  location  at 
t.ne  centroid  of  their  combined  circulation.  A  num¬ 
ber  of  suen  cores  are  allowed  in  the  new  routine  to 
deal  with  complex  motions.  A  viscous  core  expres¬ 
sion  can  be  applied  to  each  vortex  core  when  com¬ 
puting  the  field  velocities. 

(i  i )  Redistribution 
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having  perfori.ed  the  vortex-core  amalgamation 
Calculation  along  each  free  sheet  the  points  defin¬ 
ing  the  intermediate  free  sheets  are  redistributed 
with  equal  spacifq  in  a  manner  similar  to  Fink  and 
boh  40)  and  Saivkaya  and  Schoaff  11).  Portions 
<(  the  sheet  between  amalgamated  cures  are  treated 
independently  her«,  Figure  5.  Thi  treatment , 
which  is  applied  to  both  the  sheet  geometry  and  its 
loublet  distribution,  uses  a  biquadratic  mterpoia- 
tiur:  scheme  based  an  surface  distance  alomi  the 
heet . 

This  routine  should  help  stabilize  the  numeri¬ 
cal  cdlculat ions ,  especially  in  the  initial  part  u ( 
ea<  h  sheet  when  •  he  separation  locatvn  is  varying 
with  tire.  In  the  three-dimensional  rase  the  *'eiis- 


Fig.  6.  Indicial  lift  and  Circulation  for  an  Im¬ 
pulsively  Started  Two-Dimensional  Flat 
Plate. 

Some  recent  refinements  developed  in  the  tm 
dimensional  pilot  code  have  significantly  reduced 
the  computing  requirement  pf  these  time-stepping 
calculations.  For  example.  Figure  shows  the  ef¬ 
fect  on  indicia!  li*t  of  varying  the  number  jf  true 
iteps  in  the  waqner  problem  and  demonstrates  a  rapi 
converqence . 
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Fig.  7.  Computed  Indicial  Lift  for  an  Impulsively 
Started  NACA  0012  Section--Ef feet  of  Number 
of  Time  Steps. 

The  procedure  has  been  tested  also  for  the  har¬ 
monic  oscillation  case.  Earlier  calculations  re¬ 
quired  80  time  steps  per  cycle  for  a  NACA  0012  os¬ 
cillating  in  pitch  about  the  quarter  chord.  These 
compared  favorably  with  the  Theodorsen  flat  plate 
function  over  a  range  of  reduced  frequency,  Figure 
8.  The  r.ew  calculations  are  also  in  good  agreement 
but  were  performed  with  only  16  time  steps  per  cycle. 


Figure  9  shows  the  computed  results,  C|_  versus  time, 
using  only  4  time  steps  per  cycle.  This  is  in  re¬ 
markably  good  agreement  with  the  16  and  also  32 
time-step 'cycle  solutions,  demonstrating  an  extreme¬ 
ly  good  convergence  characteristic. 
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Fig.  9.  Computed  C,  :  for  a  NACA  0012  Section 
Oscillating  in  Pitch  about  the  Quarter- 
Chord. 
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Fig,  Co-  Pari  son  •!  Peal  arid  bum  nary  Lifts  is  a 
function  if  Reduced  Frequency.  :  •  1 

sin  kt. 


Time-stepping  calculations  have  also  been  per¬ 
formed  for  cases  with  prescribed  extensive  separa¬ 
tions.  The  purpose  of  these  calculations  was  to 
check  the  basic  unsteady  circulation  shedding  model 
in  the  potential  flow  code.  For  the  first  set  of 
tests,  the  wake  panels  were  simply  transported  at 
the  onset  flow  velocity  after  the  initial  growth  as 
determined  from  the  surface  conditions  at  serra¬ 
tion.  Several  triangular  shapes  were  considered, 
each  starting  impulsively  from  rest  and  proceeding 
forwards  over  10  time  steps  for  a  total  time  of 
•  r  rll./h  =  3.0,  where  h  is  the  triangle  base 
height.  Separation  was  prescribed  at  the  corners. 
Figure  10(a)  shows  the  computed  history  of  the  drag 
coefficient  fium  pressure  integration  for  a  60  tri¬ 
angle  with  blunt  face  forward.  A  total  of  40  panels 
was  used  to  represent  the  triangle  surface.  The 
calculation  was  repeated  in  the  presence  of  wind 
tunnel  walls  (also  panelled)  with  a  10  blockage 
ratio.  The  indicated  blockage  correction  is  some¬ 
what  lower  than  that  given  by  standard  techniques. 
Figure  lU(b)  compares  the  computed  pressure  distri¬ 
butions  for  this  triangle  in  and  uut  of  the  tunnel. 
This  "base  "  pressure  has  only  a  small  variation 
and  is  guite  close  to  experimental  measurements. 
Figure  11  shows  a  summary  of  computed  drag  coeffi¬ 
cient  versus  triangle  semi-apex  angle.  The  calcula¬ 
ted  values  are  slightly  hi qh  in  relation  to  the  ex¬ 
perimental  data  collected  frum  several  sources  by 
Heerner  in  Aerodynamic  Drag. 


(a)  History  of  Drag. 


Finally,  a  test  calculation  was  performed  for 
a  NACA  0012  section  in  a  state  of  pitch  from  10  to 
30'  with  oic/ZU^  =  .175.  The  calculation  used  30 
panels  and  10  time  steps.  Separation  points  were 
prescribed  and  the  motion  was  started  impulsively 


(b)  Calculated  Pressure  Distribution  at 
3.0. 

Fig.  10.  Calculations  on  a  Triangular  Section 
Started  Impulsively  from  Rest. 

One  further  case  was  run  for  the  60  apex- for¬ 
ward  triangle  in  free  air  with  the  full  wake  veloc¬ 
ity  calculation  routine  turned  on  but  withouf  the 
amalgamation  and  redi str i bution  schemes  at  this 
_>tage.  The  calculated  Cq  for  this  case  falls  below 
the  experimental  value .  Figure  11.  A  series  of  com¬ 
puted  wake  shapes  is  s  n.?.wn  in  Figure  12.  These  are 
samples  from  a  total  of  40  time-step  calculations. 
The  total  computing  time  for  this  case  was  195 
seconds  on  a  PRIME.  550  minicomputer- -this  is  equiva¬ 
lent;  to  less  than  2  seconds  of  CRAY  time.  The  solu¬ 
tion  should  benefit  from  the  numerical  damping  pro¬ 
vided  by  the  amalgamation  and  redistribution  schemes 
Inscribed  earlier. 


Fig.  11.  Calculated  Drag  Coefficient  of  Two-Dimen¬ 
sional  Wedges  as  a  Function  of  Apex  Angle. 

from  rest. 

Figure  13(a)  shows  i  sample  of  the  computed 
*•  ke  shapes  and  demonstrates  a  reasonable  numerical 
behavior.  Sample  pressure  distributions  are  shown 
in  Figure  13(b).  The  passage  of  the  leading-edge 
vortex  is  clear  1  /  shown.  This  is  associated  with  a 
local  region  of  reversed  tluw.  These  are  prelimin¬ 
ary  test  calculations  ai  -ed  at  e-pluring  the  numeri¬ 
cal  behavior  of  the  calculation  procedure  and  poten¬ 
tial  flow  nuclei.  ruture  case  will  include  the 
coupled  boundary  layer  ca\ulat  ion  v  r  prediction 
the  separation  Point.  At  t.n.u  trp  the  calculated 
results  will  no  •.ompared  with  elemental  lata. 


I 

I 

I 
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rig.  12.  Computed  Wake  Shapes  for  a  60  Wedge 
Started  Impulsively  from  Rest. 


(i)  ■  *  0.6. 

(b)  Calculated  Pressure  Distributions  at  Two 
Time  Steps. 

Fiq.  13.  Calculated  Results  for  j  NACA  0012  Star^- 
l  nq  Impulsively  f'O”.  Rest  and  -'itching 
from  lU  to  30  at  a  Rate  *  c.  ,  -  J . 1 ” 5 . 
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(10) 


cf  =  2  •  ■ /R . 


where 


L  =  2[ •  -  K(H  +  2) J 


L,-  -  functions  of  and  K 


Ml) 


-2 


\ 


■2!  (dU/dx) 


„  =  K“  U  U"/U'; 
a  e  e 


(12) 


0.2 


Calculation  beqins  at.  tne  stagnation  point  :rd 
K  takes  the  starting  value,  K  =  0.0855.  The  in- 


'tial  ;MomenrC’!i  thickness,  ,  is 

o 


a.* 

X/C 


a. a 


1.0 


•  o  =  (0.0865  /(dU  /d> ;■ 


:  13} 


f i i )  =  1.6. 

b)  Calculated  Pressure  Distributions  at  I.a 
Tine  Steiis. 

g.  1  •- .  Concluded. 

Boundary  Laver  Circulation  Methods 
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Fur  unsteady  turbulent,  boundary  lasers,  "rie 
KW.^Mtun1  integral  equation  and  tne  entr  i :  nt!ie»'t  e  ;ua 
tion  are  ^l  .m  by ■ 


Cur  e  s  original  "ictnod  has  been  modified  to 
a'.ulate  the  unsteady  boundary  layer  development . 
n|J.  is  achieved  by  solving  the  unsteady  moment un 
’ '‘teg»-dl  equation  jsing  a  °unqe-rutta  method.  f"e 
'.o’Du'ent  boundary  layer  method  is  based  on  tne  jm- 
-eady  mjji'er  tut:;  integral  equati  <n  as  in  f'e  laminar 
j'  i.11'/  layer  et'iud.  Cuustei«‘s  entrainment  '-e- 
'  ati  -fVji’U!  4j;  and  ^vrio  Fer||  |e»*S  skin  friction 
■  ••  *  at  ions  "mi  4d  are  ,.sed  for  closure,  the  detai's 
•  'no  et'-'Js  a''e  te  •  ibe.i  in  t'e  ’o'lowinq  sec- 

" '  O’S  . 
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equations  1  -i ,  jrd  1"  nj'.y  r:.e  j'1*  . 

Cr ,  C4- ,  ,  ,  and  *,  ok  t"e  , ,  ni-e  l  •  !:  - 

tl’onj*  »'e  I  at  l  onsn  ;  ,,s  w  I 


(20) 


»T 


of  the  second  degree  for  the  parameter, 


dx 

U  dt 
e 


and  k  =  0.41  is  the  von  Karman  constant. 

A2(H*  -  HH**)  +  \[1  -  H*  +  H*‘ ( 1  +  H) ]  -  H*'  =0 

The  similarity  solutions  have  shown  that  the 
entrainment  coefficient,  C^,  can  be  expressed  as 

(25) 


Equations  (23)  and  (24)  can  be  solved  in  var¬ 
ious  ways.  Initial  conditions  at  t  =  tc  and  bound¬ 
ary  conditions  at  the  stagnation  point  (t  •  0)  are 
sufficient  to  determine  a  solution  in  the  region 
where  the  flow  is  attached,  i.e.,  •?  *  I"  the 
present  paper,  the  time  derivatives  are  treated  as 
forcing  terms  and  the  integration  is  performed  in 
the  <-direction  using  a  Runge-Kutta  method. 

The  boundary  layer  procedure  has  been  tested 
ayainst  experiments  and  the  calculations  of  other 
investigators.  The  results  are  shown  in  Figures 
14  and  15.  Figure  14(a),  (b)  and  (c)  shows  the 
mean  quanitites  (momentum  thickness,  skin  friction 
and  shape  factor)  for  the  experiment  conducted  by 
Cousteix  (45)  on  a  flat  plate.  The  main  free 
stream  velocity  is  22  n/sec  and  the  motion  is  har¬ 
monic  with  respect  to  time  with  the  frequency  of 
38  hz.  The  present  calculation  (solid  line) 
agrees  very  well  witn  the  calculation  by  Cousteix 
and  the  correction  with  experiment  is  also  very 
good. 
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(c)  Mean  Shape  Factor. 

Fig.  14.  Concluded. 

Figure  15  shows  the  comparison  with  the  cal¬ 
culation  of  Nash  et  al.  (46)  for  a  munotonically 
time-varying  flow  on  a  flat  plate.  Tne  present 
calculation  predicts  tne  separation  at  the  ena  of 
the  olute  wnen  wt  =  0.682  as  in  tne  Nash  et  al. 
calculation.  The  overall  results  are  in  good 
agreement  with  tneir  calculation. 
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finally,  an  experimental  data  case  from  (3) 
was  run  and  tne  computed  lift  variation  with  . 
compared  with  the  measured  data  in  Figure  18.  The 
airfoil  is  a  NACA  0012  and  is  oscillating  in  pitch 
about  the  quarter-chord  line  with  t  -  8.1  +  4.9 

sin  (O.ct);  i  .e.  ,  below  the  dynamic  stall  onset. 
Reynolds  number  was  4  x  1Q6.  This  reduced  fre¬ 
quency  condition  is  very  close  to  the  changeover 
from  a  lead  to  a  lag  situation  and  so  there  is 
only  a  small  difference  between  the  upswing  and 
downswing  curves. 
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I  at  roduct ion 

Advances  in  computer  hardware  uuring  the  lost 
decade  have  perr.it  ted  the  numerical  solution  ot  the 
Nav ier-Stckes  equations.  Original  efforts  concen¬ 
trated  on  steady  flow  problems,  however,  more 
recent iv  unsteadv  f iow3  have  been  addressed,  one 
of  the  best  uses  of  the  N'avier-Stokes  numerical 
program  i<  to  solve  separated  flows  due  to  the  non¬ 
linear  caarneter  c:  the  problem.  (For  problems  in 
iire.tr  ierodvnar ics  more  efficient  omputer  p tog rams 
exist!.  Hoi»ever ♦  most  separated  flaws  are  ur.steadv 
due  to  tiff  f  undament  a  1  instabilitv  of  such  flows. 

a.':v  i  e  ig'.i  *  s  second  theorem*  states  that  a  veiccitv 
pro:  i ie  with  an  |nf  .ect  ion  point  t l'"={) )  is  unstable. 
Mi  sea. .rated  Mows  have  inflection  points  and  hence 
have  an  unstable  region.  Ip.  these  flows,  small  JM- 
lurinnces  o:  i  certain  wave  length  are  amnlified. 

;  n.  simple  Linear  theorv  tnese  d  1st  urhances  attain 
infinite  implitude,  however,  a  "limit  cvrle'  is 
i.'i.eved  in  nature.  The  time-dependent  Nnvier- 
>f ’kes  e  -nar  tons  poshes.-  the  capability  to  invest i- 
c.ite  unste  v.v  *ien.jr.ited  :  lows.  This  paper  will 
•'ovtew  some  of  the  progress  .iccompl  ished  over  the 
:  ■  i  1  fits  •"  its  in  this  area. 

r,".vmi-.ig_  '-a  pi  at  ions 

'  :•«  •  :ra  -deuendi  nt  Navier-Stckes  eqii.it  ions  in 
t  r  tiling  oorlinate  svstem  take  the  te.l  wing 


1.  Steady  separated  flows. 

Supersonic  flight  with  steady  boundarv  con¬ 
ditions. 

a.  Missile  at  moderate  angle  of  attack*  . 

b.  Hv per. sonic  cruiser  at  angle  of  attack-'. 

Self-excited  oscillations. 

Periodic  solutions  of  .nssteajv  Mows  w:tr 
steady  boundarv  conditions. 

i.  Buffet  oi  i  Lvlinder'*  and  \irfeil  . 

b.  Weapons  Lav  (iaviev  Resonance-  . 

c.  Flue  2  of  a  So  ike  and  Inlet-. 

3.  Forced  Oscillations. 

Periodic  solutions  oi  .iiisteacv  :lows  w:tn 
time  dependent  boundary  conditions. 

a.  Dvnamic  i i : t  of  an  oscillating  air  roil*. 

b.  Rotation  of  a  tint  plate-  . 

Although  ether  categories  could  also  ie  addressed, 
these  few  cases  were  chosen  to  demonstrate  the 
versat  ititv  of  tiie  numerical  program  and  to  Indicate 
tiie  present  state-of-the-art  in  solving  the  N'avier- 
Stokes  equations.  i  See  Figures  i  -u  i  .  liu.se  soiti- 
t  ions  averaged  about  one  hour  on  i  -M  •  •'".•cuter. 


F.v  use  of  the  time-dependent  Nav r-Stckes 
eqiiatieus,  s.mniifving  issumpticns  uv  u  Muger 
necessar--  :o  investigate  rnanv  •  la-ses  et  msteaev 
separated  tlows.  The  pro  jet  ted  adv.in,  eSeu:  ! 
computer  capah  i  1  i  t  v  ever  tiie  next  lev.  .ear.-,  tender- 
quest  icnnhlc  the  wisii  >m  o:  supporting  .’el.  r«  s.  a 
on  sport-cut  tpprex  imate  mctiieu.  :  r  uu.  1  .  .* :  ug  ..n- 
to  iuv  separated.  !  lev.-. 
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An  unsteady  flow  analysis  is  made  of  the 
flow  past  a  symmetric  airfoil  with  identical 
ices  released  intermittently  from  its  upper 
surface.  The  vortex  train  is  used  to  simulate 
tr.e  flu  observed  in  the  laboratory  which  was 
perturbed  by  .an  oscillating  spoiler  or  a 
rota*  mg  cam  embedded  in  the  airfoil  surface, 
"•ised  on  numerical  computations,  the  airfoil 
.  .ft  has  a  general  behavior  tr.at  1  *■  increases 
o soil  la  tori ly  with  time,  and  seems  to  approach 
a  jym  p  to  *  i  ?  value  as  time  increases 
indefinitely.  The  asymptotic  lift  is  enhanced 
wi*h  increasing  frequency  at  which  vortices  are 
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"  • :  •  r :  V'li  to  hav*»  b-^-n  ’on  iu  *  t»»d  it  tin* 

v.  ■  flow  pas*  an  airfoil ,  which  was  perturb**.]  bp* 

"'T.  *:;•*  i r r—  r  surface,  1  ik*1  •  h«*  i^vi  ’e  us*1]  by 
•**  1 1 .  ,  or  by  a  ro*,i*:nr  ■•in- si. a p-*  i 
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When  moving  along  the  airfoil  surface,  this 
train  of  vortices  not  only  makes  the  flow 
unsteady  but  also  may  cause  significant  manges 
in  airfoil  performance.  While  empirical  data 
are  not  yet  available  for  comparison,  we  are 
presenting  here  i  theoretical  analysis  for 
computing  the  unsteady  lift  and  drag  of  the 
airfoil  when  vortices  -ire  released 
intermittently  from  its  upper  surface. 

lespite  the  fact  that  vortices  observed  in 
the  laboratory  ar*  most  likely  formed  from 
rolling  up  of  vortex  sheets  resulting  from 
boundary  layer  separation  at  the  sharp  tip  of 
the  spoiler  or  rotor  as  sketched  in  Fig.  T,  they 
are  treated  as  d:s?re*e  potent!1. 1  vortices  in 
our  formulation  based  or.  an  i  rv  i  sc  id 
incompressible  flow  analysis.  The  symmetric 
airfoil  configuration  adopted  in  our  computation 
is  generated  from  a  circle  tnrough  foakowski 
transformation,  and  the  effect  of  oscillating 
spoiler  or  rotating  cam  is  simulated  by  the 
intermittent  appearance  of  discrete  vortices  of 
the  name  strength  at  a  given  location  above  the 
airfoil.  In  an  unsteady  flow  about  airfoil,  a 
vortex  sheet  is  e  .<:.**>•*  t-  d  *o  she;  *  o  .a  *  i  n  uo  us  1  y 
from  the  sharp  trailing  '-ig1.  Ttrengvhs  of  the 
: is** retired  wait"  vortices  anl  *he  instantaneous 
,*  i  r '*  a  1  a  *  ion  about  *  he  airfoil  ar*-  determined 
from  re  iui  rem**r.  *  r.  that  *.  r.e  r  **  s  u  *-int  flow  :■>* 
tangent  to  *  he  airfoil  surface,  the  Kitta 
'unlit  Lon  t»*  ca  1  -it  'ill  *.*.»'?,  'in:  *]:•• 

to*  a  1  *ir*ul  » *  ion  :n  the  flow  fie  I  i  be 

Kept  at  *}.*’  in:*.,  al  v  a  1  ;•*.  7h“  *onpl«*x 

ro  *  e  n  ♦  i  a  l  for  *  r.e  physi-al  flow  about  *  h>* 
airfoil  .s  ot*ai:u*i  by  transforma*  ion  from  ‘ha* 
fur  *  he  flow  a  bo  j*  *].*•  *.r  from  wh:*h  *'•:** 


t 

P 


As  shown  in  Fig.  1 ,  the  transformation 


in  which 


dw  _  1  ^-i-j  .  ^ _ ^i.  .sj  ^  i~ 


macs  a  circle  u radius  a  i,  >  1  ;  in  the 
{  =  %+  i7':  plane,  centered  at  %  =  ?  -  a,  into  a 
symmetric  Joukowski  airfoil  in  the  physical  z 
(  "  x  *  iy)  plane,  whose  chord  is  slightly 
longer  than  2.  A  f ree- stream  velocity  of 
magnitude  of  onp  half  and  at  an  angle  of  attack 
cX  is  mapped  without,  changing  its  orientation 
into  a  uniform  stream  of  unit  speed  in  the 
physical  plane.  For  the  convenience  of 
formulation  a  (  =  %’  +  i  7* )  plane  is 

introduced  in  Fig.  1,  whose  origin  coincides 
with  the  center  of  the  circle.  The  relation 


for  coordinate  transformation  between  t. 


A  iiscrete  vortex  of  circulation  k;  at  a 
tion  outside  the  airfoil  is  transformed 
rling'to  Sa.  !.  1  )  into  a  vortex  of  the  same 
n*rth  :tt  outside  the  circle.  To  satisfy 
boundary  condition  that  the  flow  be  tangent 
.circle  ••in;  to  fulfill  the  requirement 
’.he  total  circulation  be  conserved,  an 
-  vortex  of  strength  -k.*  ;md  another  vortex 
•  reiwth  k.  are  idled  at^a'  £'  and  the  center 
he  circle,  res  p^c  t  i  v  e  ly.  For  each  of  the 
r-te  vortices  m  the  physical  plane,  be  it 
/cr*ex  generated  bv  a  sroiler  or  a  vortex 


J  ;  -  a- 


This  expression  hoi  is  at  any  point  in  the 
physical  flow  except  at  the  trailing  edge  of  the 
airfoil  and  the  center  of  a  free  vortex. 

In  the  unsteady  flow  field,  a  wake  vortex 
is  shed  at  any  instant  of  time.  Let  this  be  the 
mth  vortex  whose  position  is  in  the 

transformed  plane.  Its  circulation  kT , 
determined  by  satisfying  the  Kutta  condition 
that  ij'  =  a  be  a  stagnation  point,  has  the 
expression 


i 


I 


“n> 


deri 


( u 


z 

n 


ved  after  taking  a  proper 


1  ir.it. 


(7f  wW 

3  tl 


in  ik.  ^ 
j?n  %  "  ’j 


m  ik . 


sheet  rolls  into  a  spiral,  which  becomes  tighter 
and  tighter  as  time  progresses.  when  distances 
among  vortices  become  too  small,  inaccurate 
results  are  expected  which  appear  in  the  form  of 
scattered  vortices  in  the  wake.  To  eliminate 
this  chaotic  motion  of  the  wake  vortices,  we 
adopt  Moore's  method-*  to  use  a  concentrated  tip 
vortex  to  represent  the  tightly  rolled  portion 
of  a  vortex  sheet.  More  specifically,  when  the 
total  number  of  wake  vortices  exceeds  20  in  the 
computation,  the  first  two  vortices  at  the  tip 
are  combined  into  one  situated  at  their  centroid 
position,  whose  circulation  is  the  sum  of  the 
two  individual  strengths. 
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...uous  .  i  ft,  L,  and  crag,  D,  on  the 
»!rfoil  are  computed  based  on  the  Blasius 
theorem  for  unsteady  flow. 


Results 

For  the  ! thick  symmetric  airfoil, 
computations  have  been  made  by  varying  angle  of 
attack,  chord wise  position  of  the  released 
vortices,  and  the  period  at  which  they  are 
released . 
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At  zero  angle  of  attack  and  when  vortices 
of  circulation  0.5  are  released  with  a  period 
T  *  ^  at  a  height  of  0.1  above  the  upper  surface 
at  the  midchord  position,  the  behavior  of  lift 
coefficient  at  the  early  stage  i3  plotted  in 
Fig.  <1.  The  sudden  release  of  a  ,'ortex  ■’.auses  a 
negative  lift  on  the  airfoil.  Lift  increases 
with  time  in  an  oscillatory  manner;  the  m^an 
lift  coefficient  «.  i  v  erug-d  within  ea'h 

oscillation,  graluaily  approaches  an  asymptoti- 
v  a  1 u e  a  f ter  m  o  r  u  than  -  '  vortices  h a  v e  been 
released.  The  variation  of  lift  in  one  cycl*- 
has  -i  shape  that  is  almost  identical  to  th?»‘  :n 
•my  other  cycle,  except  that  •’he  -:itir'j  -u rv-  .s 
sh: fte i  upward  %fter  each  period. 

A  representative  lift  -urve  wi:  'mi  oh’1*- 
"yie,  for  ‘  'r,  13  blown  jp  uni  ;  ictvi 

.n  Fig.  '.  At  the  beginning  of  that  'y-le  * i.eri 
i  vortex  is  ,;ust  rele-tse;  a*  -he  jpper  surfu-’f, 
lift  h.as  tne  lowest  viiee.  At  *his  iru-ar;*  th«- 
•or*ex  releasee  •, previous  -yule  .s  m  -h** 
Mr;"  a '  a  i  .stance  of  about  ''our  ha  1  f-  ’h.^ri 
.  ength.s  from  ••.>-  newly  1  -  i  /or  ’••x,  as  ■:  .own 
n  t e  :--:'T.ost  of  •  h-  'hr-v  ii.ia-r*  .or.  a  ; 
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neighboring  released  vortices  and  stronger 
interactions  between  these  vortices  and  the  wake 
vortex  sheet.  It  is  interesting  to  note  that 
all  wake  vortices  have  counterclockwise 
circulations.  Within  that  period,  lift  climbs 
to  a  maximum  ana  then  drops  to  a  minimum,  both 
occurring  when  a  released  vortex  leaves  the 
trailing  edge. 

The  variation  of  mean  lift  coefficient  with 
time  is  plotted  in  Fig.  8  for  different  values 
of  T.  Solid  lines  represent  results  for  the 
arrangement  that  vortices  are  released  at  the 
midchord  location.  The  plot  reveals  that  for  a 
shorter  T  when  vortices  are  released  at  a  higher 
frequency,  a  higher  average  lift  can  be 
generated  on  the  airfoil.  Each  of  the  higher  T 
curves  approaches  an  asymptotic  value,  which 
increases  with  increasing  frequency.  The  curves 
for  lower  values  of  T  seem  to  have  the  same 
behavior,  but  a  tremendous  amount  of  computer 
time  is  needed  to  find  their  asymptotic  lift 
values.  For  example  to  reach  t  *  200  for  the 
T  =  2  curve,  the  CPU  time  is  2700  seconds  on  a 
Cyber  1 70-720  computer.  No  attempt  has  been 
made  to  extend  the  cor  station  beyond  that  time. 
However,  it  should  be  pointed  out  that  for  T 
equals  2  or  1,  the  mean  lift  coefficient  can 
become  greater  than  ).5,  which  is  the  static 
lift  coefficient  if  the  circulation  of  a 
released  vortex  is  applied  around  the  airfoil, 
■or  a  period  equal  to  or  greater  than  4,  trie 
mean  lift  cannot  exceed  this  value. 

The  dashed  and  the  dash-dotted  lines  i:i 
Fig.  :3  are  used  to  represent  results  obtained 
wh-n  the  vortex-generating  mechanism  13  at  the 
'  4-eho.rd  and  '  4— -hord  positions,  respectively, 
’.ri  these  two  'uses  vortices  are  still  released 
a*,  the  same  initial  height  of  o.l  above  the 
'on  1  airfoil  surface.  The  influent-  of 
’hanging  chord  wise  position  on  lift  is  not  too 
strong  as  revealed  in  the  figure.  Tone  rally 
oja'UKirig,  releasing  vort  ices  at  *he  *  4-chord 
position  causes  a  ie- r»  use  in  average  lift, 
r- a n  omfting  it  rearward  to  the  *,4 -chord 
■o’'";  ic*s  the  opposite  ‘‘or  ""  *  *  1  an  1  7  ■ 

Plotted  m  Figs.  •  and  '  ar.-  the  initial 
:  ••  i'.  a  /  io  r  of  drag  coef  f  i  •  lent  for  7  *  f  and  *, 

.  I*  .or,  ;  a  i.milar  to  tr. a*  of  the  lift,  hat  *h«- 
is  two  orders  smaller.  7he  mean  drag 

■  .>•*  f  f :  •  :  Ant  '•  _  ,  a;  <*rag*-i  over  one  p-  r  i  •'  i , 

» \  !"  r o *i  •  *  r. *•  *!  ,4 *i  *.  .  v  **  ‘i t*  «  j  on  i  *.  .  i  ij ['o'. 

or;  mean  .if  ’lent  is  examine  d. 


••  s  •a*  a  t ;  v  v  r  ■  ~s  ;  1  t ,  ol  *.  a  .  \  •-  : 
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generated  on  a  wing  utilizing  a  properly 
designed  vortex- triggering  device  installed  on 
its  upper  surface.  Despite  the  negligibly  small 
drag  shown  in  the  result,  it  can  be  expected  to 
be  substantial  in  reality  when  vortices  are 
generated  by  moving  a  spoiler  into  and  cut  of 
the  airfoil  surface. 

The  strength  of  the  released  vortices  is 
arbitrarily  assigned  in  the  present  analysis. 
It  actually  should  be  determined  more  realisti¬ 
cally  from  empirical  data  or  from  viscous  flow 
computations.  The  latter  approach  is  being 
taken  by  us  in  an  attempt  to  solve  the  problem 
of  an  unsteady  viscous  flow  past  an  oscillating 
spoiler. 
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A  tine-dependent  Navier-Stokes  calculation 
procedure  has  been  appLied  to  the  problem  of  an  NACA 
0012  airfoil  oscillating  in  pitch  in  a  low  Mach 
number,  high  Reynolds  number  environment.  The  cal¬ 
culated  results  show  many  of  the  known  physical 
features,  including  sudden  suction  surface  separa¬ 
tion,  vortices  shed  at  the  leading  and  trailing 
edges  and  the  return  to  attached  flow  at  low  inci¬ 
dences.  Both  the  lift  and  moment  coefficient  curves 
show  the  expected  features  and  the  calculated  wall 
pressure  coefficients  show  strong  correspondence  to 
measured  data. 

Introduc  tion 

The  unsteady  flow  field  about  an  isolated  air¬ 
foil  is  an  important  t  rob  1  era  commonly  encountered  in 
a  number  of  practical  tlow  situations.  These  include 
airfoil  flutter,  vibration,  buffet  and  gust  response, 
as  well  as  the  problem  of  airfoil  dynamic  stall. 

This  latter  problem,  airfoil  dynamic  stall,  is  the 
subject  of  tiie  present  paper.  Airfoil  dynamic  stall 
occurs  in  a  variety  of  situations.  One  important 
flow  which  has  initiated  the  present  studv  is  the 
:ei ioopter  rotor  problem.  As  the  helicopter  blade 
travels  through  the  rotor  disc,  the  blade  experi¬ 
ences  a  varving  incidence  angle.  Over  most  of  the 
disc  the  blade  will  be  unstalled  (i.e.,  the  flow 
i !  1  not  contain  any  large  separated  regions  leading 
• s  i  decrease  in  blade  lift  or  a  generation  of  large 
'  1  ode  moment  oet fie ients) ;  however,  for  example,  in 
forward  flight  over  the  retreating  portion  of  the 
disc  large  regions  of  separated  flow  nay  appear  ami 
over  tnesc  region-,  the  rilade  performance  will  deter¬ 
iorate.  Till-,  time  history  dependence  >>i  the  prcblcts 
makes  dynamic  -.tall  prediction  a  parti,  ularlv  dilfi- 
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or  ..  Some  re.  cut  experiment-,  giving  surta.  c  pr 


.  .e  ot  Carta  and  St.  iii  1  a  i  re- ~  * ,  *!.  Alii,  ter, 

:'u.  i,  dr  ■•»r.e  v  and  «  jrr*  and  Fukust.iru  and  d  me  ’ . 
’  <•!  invest  tg.it  l  a:-,  have  examined  'be  v  >rteX  .  e 

:!:  v  pt  tor  t i  1 1  .it  tog  wings  ( e .  g , 

:  i'.ter.  farr  and  M.  U.-Tm-AM  and  •.:-ad'  Wing, 
i :  i .  Ye e.ng,  .:.U  !:  ■  :j;  )  .  la  r.-g  -r  1 

v«-r  i  e  a !  1  .  i  p "  ’  t  .  .  l .  e.  .etc  nisei  -ip  :  Itivi-.  "d 


!  .<— l-em;  ir  : 


flow  fields.  A  recent  discussion  of  much  of  this 
work  is  given  by  Slmmroth  and  Cibeling®.  Although 
most  airfoil  Navier-Stokes  analyses  have  focused 
upon  either  steady  airfoils  or  impulsively  started 
airfoils,  some  attention  has  been  given  to  the  more 
complex  problem  of  airfoils  oscillating  in  pitch. 

For  example,  Mehta^  investigated  an  NACA  0012  air¬ 
foil  oscillating  in  pitch  in  an  incompressible 
laminar  environment  and  Wu,  Sampath  and  Sankar^^ 
considered  a  thick  Joukowski  airfoil,  again 
oscillating  in  an  incompressible,  laminar  flow 
environment.  In  later  works  Shamroth^  investigated 
an  NACA  0012  airfoil  oscillating  in  pitch  between  0C 
and  10.5°  in  a  turbulent  environment  and  Tassa  and 
Sankar^-  examined  an  airfoil  oscillating  between  0° 
and  20°  in  turbulent  flow  showing  dynamic  stall 
loops  but  no  comparison  with  data  was  performed. 

The  present  paper  focuses  upon  calculations  ot  a 
high  Reynolds,  turbulent,  0.3  Mach  number  flow  about 
an  NACA  0012  airfoil  oscillating  in  pitch  and  com¬ 
pares  calculated  irface  pressures  with  experimental 
measurements . 


The  Coordinate  Sysrotn 

The  presence  of  ’••ouiuling  surl.urs  o  i  a  c. 'input. »- 
tional  domain  which  do  not  fall  upon  .'ordinate 
Lines  presents  significant  difft.iil’ies  for  numer¬ 
ical  techniques  which  solve  the  N.ivier-Stokcs  equa¬ 
tions.  if  a  hounding  surface  (suen  is  the  airtoil 
surface)  does  net  coincide  witn  a  coordinate  line, 
serious  numerical  errors  nay  arise  m  the  applica- 
t  ion  of  Sound  a  r  .  conditions  for  tiie  problem  and 
CiMis  i  derah  le  effort  rn.lv  be  required  to  reduce  those 
errors  to  an  acceptable  level.  Although  tnis  prob¬ 
lem  arises  in  noth  viscous  and  invisciJ  slows,  it 
is  m.  re  severe  in  viscous  flows  wuero  no-slip  .  au¬ 
ditions  on  solid  walls  can  c  mbine  wit.:  boundary 
condition  truncation  error  to  produce  sure r 1  a. 
solutions  which  are  both  jun 1 : l  it : vel v  ana  quanti¬ 


tative!-  in  err  r.  fans  coordinate  -.stems  arc 
sought  in  Which  eac  U  no-siip  .urta.e  1  to-  •  pe- 
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The  form  of  the  equations  expressed  In  the  more  com¬ 
mon  coordinate  systems  can  be  found  in  standard 
fluid  dynamic  texts.  One  possible  approach  for 
solving  tiie  equations  in  general  tvonor thogoiui  1  form 
is  the  strong  conservation  approach  such  as  that 
used  bv  Steger*-3.  A  second  possible  approach  solves 
a  set  of  equations  in  which  the  metric  coefficients 
do  not  appear  within  derivatives.  This  has  been 
termed  the  quusi-1 meat  form  by  Shumroth  and 
Gibe!  in^°  and  the  ..hjin  rule  conservation  form  by 
Hindman1*3.  Although  accurate  results  have  been 
obtained  with  both  forms  of  the  equations,  in  cases 
whop-  the  Jacobian  ot  transformation  is  independent 
of  time  the  latter  form  Is  less  sensitive  to  the 
prec ise_manner  in  which  the  matrices  are  evalu- 
uted^»^»l°.  Therefore,  the  present  effort  utilizes 
tiie  quasi- 1  inear  form.  Discussion  of  coordinate 
s vs  terns  having  time-dependent  Jncotuans  has  been 
given  bv  Thomas  and  Lombard^'. 

If  the  spatial  variables  are  transformed  from 
tiie  cartesian  ’oordinates  (x,y)  to  a  new  sc*  of 
toordinates  (.,  )  wiiere 

=  ,t)  •  =  •  (x,v,t)  r  *  t  (!) 

Tiie  au.. s i- ,  i near  form  of  tiie  equations  becomes 
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governing  equations  are  replaced  by  an  implicit  time 
difference  approximation,  optionally  a  backward 
difference  or  Crank-Nieolson  scheme.  Terms  involving 
nonlinearities  at  the  implicit  time  levei  are  linear¬ 
ized  bv  Tuvlor  expansion  in  time  about  the  solution 
at  the  known  time  level,  and  spatial  difference 
approximations  are  introduced.  The  result  is  a 
system  of  multidimensional  coupled  (but  linear) 
difference  equations  for  the  dependent  variables  at 
the  unknown  or  implicit  time  level.  To  soive  these 
difference  equations,  trie  Douglas-Gunn  procedure 
for  generating  alternating-diriv  non  implicit  (ADI) 
schemes  as  perturbations  of  fundamental  implicit 
difference  schemes  is  introduced.  This  technique 
leans  to  c; stems  of  coupled  linear  difference  equa¬ 
tions  iuving  narrow  block-banded  matrix  structures 
which  can  oe  solved  efficiently  by  standard  block- 
eliminatiaa  methods. 

file  method  centers  around  tiie  use  of  a  tormal 
linearization  teeiiniq  le  adapted  for  the  integration 
of  initial-value  problems.  The  linearization  twh- 
niquu,  which  requires  an  implicit  solution  procedure, 
permits  the  solution  of  coupled  nonlinear  equat  lens 
in  one  vp.u  e  dimension  (t  '  tiie  requisite  degree  >f 
a»  curacy)  bv  a  mc-step  n>’ni  Lorat  ive  si  iietae,  •since 
1 1  erat  ion  is  required  t  impute  tin-  so.utioit  t  r 
i  -iingic  rime  ■'Cep,  md  sin  e  .ui’.v  moderate  eitort 
l-  ie  mired  r  i  .elation  i  the  implicit  J i : ference 
equations,  t  *.«  met  nod  is  <mpur at iona 1 1 v  e:  fie  lent  ; 
t:iis  .-it  i  ■  ien.  is  retained  :  m  mill  t  i  d  imens  i  ona  : 
proi'i*.  ns  by  using  ADI  t  ec  tail  q  lies .  P.»  met  Mod 

1 1  so  evvintmic.il  it;  terms  o:  computer  v  r.ge,  in  i’> 
pri  e:i  l  form  requiring  on’.v  'wo  *.  me-  .  eve  I  s  o!  - 1  ••  t  - 

ige  •  r  eacti  dependent  variable.  For  t  :.e  more ,  . 

AD!  teennique  reduces  mu  1 1  i-d  imens  ion.  i .  prevents  ■  > 
iequetioe.s  o !  o  1 1  C  ll  1 .1 1  l  OHS  V'.lili  ire  'lie- i  i  melts  1,'na  i 
it:  t'v  sen  .e  tn.it  eas  i  1  v-so  I  ved  Mari'  u  :  1  m  r  -  winded 
matt  i  es  isso>iated  «itn  .•:;«.•-•!  inen-.  i  mi.  r  -s  ; 
zrid  points  are  produced.  One  ps  •:  ;  em  w  t.  *.■  i>b'  * 
risiJes«d  in  using  the  te  hnique  t  •  •  i 
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t  itional  domain  into  Lhe  problem  than  car.  be  removed 
through  specification  of  physical  boundary  condi¬ 
tions.  These  additional  variables  can  he  removed  in 
a  variety  of  wavs;  for  example,  by  use  of  one-sided 
differencing,  bv  use  of  equations  applied  in  a  one¬ 
sided  manner  at  the  boundaries  or  through  so-called 
"extraneous  boundary  conditions".  If  extraneous 
conditions  are  utilized,  thev  should  be  chosen  to  be 
as  reasonable  as  possible  from  a  physical  point  of 
view.  The  hypothesis  is  adopted  that  if  a  solution 
can  be  obtained  with  the  extraneous  boundary  condi¬ 
tions  anplied,  then  any  defective  influence  of  these 
extraneous  conditions  will  result  only  from  the 
approxim.it ions  inherent  in  them,  and  t he  solutions 
should  be  assessed  in  tiiis  manner. 

U’itii  these  cons iderat ions  in  mind,  tin:  follow¬ 
ing  approach,  was  taken  in  setting  boundar-  cornii- 
t ions  for  the  airfoil  flow  field  problem.  The  outer 
boundary  was  divided  into  four  segments.  These  were 


the  boundary  layer  thickness  :,  i.e.. 


...  =  .  a  9 ; 

where  jb  iu  the  van-Driest  damping  factor,  •  is  the 
von-Karman  constant  and  t  is  the  boundary  layer 
thickness.  In  the  wake  region  downstream  of  the 
airfoil  trailing  edg^  •.  is  taken  as  Q.Jh  where  1.  is 
the  wake  thickness.  It  is  recognized  that  an  accu¬ 
rate  representation  of  the  turbulent  viscosity  for 
this  very  complex  flow  with  multiple  shed  vortices 
and  large  separated  zones  will  require  a  more  gen¬ 
eral  turbulence  model.  However,  in  tliese  initial 
dynamic  stall  studios  the  main  focus  is  upon  asses¬ 
sing  the  general  level  of  prediction  accurcacy  for 
the  dvnamii  stall  pru« css,  and  identifying  the  sensi 
tive  parameters  of  the  problem.  Studies  with  a  two 
equation  model  are  currently  in  progress. 


an  upstream  boundary,  a  downstream  boundary  and  two 
boundaries  representing  tile  wind  tunnel  walls.  Con¬ 
sistent  with  i  characteristic  analysis,  two  puvsic.tl 
boundary  conditions  are  assumed  for  the  upstream 
>  uind.irv  and  on**  for  trie  downstream  boundary.  These 
represent  items  which  would  he  set  in  a  wind  tunnel 
experiment  and  are  t;ie  upstream  stagnation  pressure, 
upstream  flow  angle  and  the  downstream  static 
pressure.  !‘he  "extraneous  '•vundorv  conditions" 

. -.eu  ..ere  fir.t  derivative  of  density  at  the 
up-:  ream  w-unJarv  and  -.coo  ad  derivative-;  cq  both 
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A rtificial  Dissipation 

Ilie  final  item  to  be  considered  concerns  vne  use 
of  artitici.il  dissipation.  Since  t:.e  calculations 
were  at  high  Reynolds  numbers,  it  was  necessary  t 
add  "art  if ie ia:  dissipation"  terms  tc  suppress  cen¬ 
tral  different  e  sptii.il  oso  il  1  at  ions.  Sucii  "arti- 
llcial  Jis.sip.it  ion"  could  be  added  via  ;ie  spatial 
differencing  formulation  { e . e . ,  .  .  ided  difference 

proximo  cions  for  first  derivatives)  or  •-  explic¬ 
itly  adding  in  additional  dissipative  t-.pe  term, 
ie  present  uiituor  f  ivor.s  L.'.o  latter  uppruut  siiiv'e 
.en  in  iddi t  Lena  1  term  explicitly  added,  tv* 
ivsic.il  apjroxim.it  i.- n  being  made  is  usual;;.  le.irer 


Re,^  =  ja  -  3b/3x| Ax/he 


(7) 


where  „  is  the  total  or  effective  viscosity  includ¬ 
ing  both  laminar  and  turbulent  contributions,  and 
Ax  is  the  grid  spacing.  The  dissipation  coefficient 
dx  is  non-negative  and  is  chosen  as  the  larger  of 
zero  and  the  local  quantity  ue(oxReAx-i) .  The  dissi¬ 
pation  parameter  jx  is  a  specified  constant  and 
represents  the  inverse  of  the  cell  Reynolds  number 
below  which  no  artificial  dissipation  is  added.  The 
dissipation  coefficient  dv  is  evaluated  in  .a  anal¬ 
ogous  manner  and  is  based' on  the  local  cell  Reynolds 
number  Re^y  and  grid  spacing  Ay  for  the  y-direction 
and  the  specified  parameter  cv.  It  should  be  noted 
that  recently  calculations  have  been  run  with  arti¬ 
ficial  dissipation  added  in  the  conservative  form 
•(cn_^dx  .sp/3x)/3x  and  no  significant  difference 
between  the  forms  was  noted. 

The  question  arises  as  to  the  values  of  ox  and 
-v  which  should  be  chosen.  Based  upon  the  results 
o?  Ref.  21,  as  well  as  several  other  investigations 
for  a  variety  of  viscous  subsonic  and  transonic  flows 
it  was  concluded  that  setting  between  0.1  and  0.025 
suppressed  non-physical  oscillations,  gave  solutions 
which  were  insensitive  to  the  precise  value  of  o  in 
this  range  and  gave  good  agreement  with  data.  There¬ 
fore,  econd  order  damping  in  the  conservative  form 
was  used  in  t lie  present  calculations  with  r  being 
set  in  the  range  between  0.1  and  0.05. 

Results 

The  analysis  described  previously  was  applied 
to  roe  fl  <w  about  an  NACA  0012  airfoil  oscillating 
sinusoidally  in  pitch.  The  airfoil  was  immersed  in 
a  stream  of  Revnolds  numbers  equal  to  2.08  x  10*5  ami 
Muon  muncer  equal  to  0.30.  The  airfoil  mean  inci¬ 
dence  wao  set  it  12°  and  oscillated  with  an  ampli¬ 
tude  of  8®  at  j  reduced  frequency  besed  upon  semi¬ 
chord  of  0.125.  These  conditions  correspond  to  Run 
YL.J05  of  the  data  of  St.  Hilaire  and  Carta^*^. 

The  calculation  was  run  for  slightly  more  than  one 
cycle  using  a  hignly  stretched  grid  with  the  first 
point  away  irom  the  airfoil  being  0.12  x  10“^  chords 
from  the  airfoil,  approximately  950  time  steps  were 
required  co  proee-.ti  through  a  cycle  fv.  i  this  reduced 
frequency.  Higher  reduced  frequencies  required  fever 
time  steps.  Hie  ilcuiation  was  initiated  from  j 
converged  •steady  solution  it  '* *  incidence.  The  cal- 
'ulation  was  begun  with  the  artificial  dissipation 
parameter,  •,  being  set  to  0.05,  During  the  nigh 
Jm  Id?  nee  downstroke  portion  of  the  calculation 
nuacrliat  problems  appeared  at  i  rt:  I1#.?*,  which 
required  tetsporarilv  increasing  artifliia!  dissipa¬ 
tion  b-v  raising  the  artificial  dissipation  factor, 

,  to  J.  5.  It  was  kept  at  this  value  until  «  -  l1** 
when  it  wan  dropped  '.o  0.1.  The  miner  i»  a l  diffi¬ 
culties  are  believed  related  to  nc*h  resolution  and 
i  be  temporary  increase  in  artificial  dissipation  was 
adopted  rather  than  adding  sure  grid  points  simple 
due  to  economic  necessitv. 

coapar 1  sons  between  calculated  and  measured 
prt-'.-.ure  dlst  ribut  ions  tre  given  in  figs.  1-5  v:  ere 
toe  pressure  coefficient,  l'_,  is  defined  as 
(p-p_)  q * .  As  an  be  seen  in  Figs.  1  and  2. 

t.'.e  agreem.-nt  during  nu>  of  the  upstroke  is  ver-- 
pood.  The  excellent  .  k*onarlsons  shown  l:»  figs.  •  and 
.  give  evidence  »  the  !  tme-  M  i  ura. >!  the  .  al-uia- 
;  i,i;i  for  the  surta.  e  pressure.  Further  examination 
I  :  'tc  data  and  calculation  s-  >vs  the  data  t.  indi- 
.»:*  -.tall  at  ipt’r  •xirut<  1  IS'.  nu»  !  ■  «-  .iNa- 
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Fig.  1  -  Calculated  and  measured  pressure  coef¬ 
ficient,  a  *  12°. 
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Fig.  3  -  Calculated  and  measured  pressure  distri¬ 
bution,  »  *  IS, 7°, 

I  at  lor.  indicated  stall  at  19. 5®.  Therefore,  at  inci- 
4er.ee  values  greater  than  17.3®  the  excellent  quan¬ 
titative  agreement  shown  in  Figs.  1  and  J  no  longer 
..a.  found.  However,  a  strong  qualitative  agreement 
remained.  For  example,  the  data  at  19.3®  is  pre¬ 
sented  witn  t ; ! e  calculation  at  i  »  19.9°,  ’  •  0  in 
Fig,  3.  Alt  ough  these  are  at  different  values  of 
,  the1,  represent  pressure  d ist r ibut ions  at  approxi¬ 
mate!  the  same  incremental  time  after  stall  is 
initiated;  the  distributions  are  remarkable  similar. 
Fig.  3,  as  we!'  as  figures  not  presented  here  due 
t’  -.pace  limitations,  indicate  that  although  the 
calculation  predicts  stall  to  occur  alter  the  neas- 
i  red  incidence,  once  stall  occurs,  when  referenced 
t  <  tue  time  of  stall,  the  calculated  and  measured 
pressure  distributions  become  quite  similar.  The 
major  discrepancy  in  the  calculated  and  measured 
values  appear  to  lie  in  the  prediction  o.‘  vortex 
initiation.  This,  in  turn,  is  likeiv  to  be  depen¬ 
dent  *n  turbulence  and  transition  model ing.  Com¬ 
parisons  ever  t  :ic  dovnstroke  are  given  in  Figs.  -* 

.old  3.  As  -Mown  it:  Fig.  3  bv  i  •  t>.3®,  *  •  J,  beta 
measured  data  and  . aicuiation  indicate  the  flow  to 
:>v  near  1  v  recovered  frees  the  stall  process.  Obvi- 
•usiv,  the  vasic  trends  are  in  agreement  as  a  s t ro:;g 
;ua;ltative  comparison  is  shown  between  the  .a!cula- 
:  i-'n  a:td  the  measured  ta.  Overall,  the  detailed 
pressure  distribution*  tow  good  agreement  with  data. 

Comparisons  between  measured  and  calculated  lift 
and  moment  coefficient  ..re  given  In  Figs.  t>  and  7. 
it  viewing  these  figures  it  should  be  noted  that  lift 
and  mometst  coef'fi.  lent  are  integrated  qu-nlilics. 
Relatively  small  differences  in  pressure  distribu- 
t ions  can  lead  to  significant  differences  in  lift 
.  .•efficient  and  large  differences  in  moment  coeffi- 
tents.  Likewise,  corn  spondence  of  the  coefficients 
does  not  necessarily  mean  correspondence  of  surface 
pressure  distribution.  The  predicted  normal  force 
coefficient  is  .  . -spared  to  the  measured  norma!  force 
..efficient  in  Fig.  t>.  As  can  be  seen,  the  results 
are  in  good  agreement  over  tie  upstr  ke.  however, 
the  measured  lift  :  eg:  to  decrease  at  1  5:  1 H  * , 
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Fig,  A  -  Calculated  and  measured  pressure  distri¬ 
bution,  .i  *  11.3°. 
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Fig.  3  -  Calculated  and  measured  pressure  distri¬ 
bution,  •  •  S.5®. 
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Fig.  »j  -  Normal  force  ..-efficient  .caparison. 
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the  appearance  of  the  trailing  edge  counterclockwise 
vorticity  appears  to  arise  from  two  sources.  The 
first  source  is  the  pressure  surface  boundary  layer 
being  convected  around  the  trailing  edge  and  up  the 
suction  surface  by  the  large  clockwise  leading  edge 
separation  zone.  The  second  source  of  this  negative 
vorticity  is  a  secondary  boundary  layer  arising  as 
the  large  clockwise  separated  zone  is  brought  to  a 
no-slip  condition  at  the  airfoil  surface.  By  a  =  18. 
i  <  0  the  leading  edge  vortex  has  clearly  broken 
away  and  the  trailing  edge  vortex  of  opposite  sign 
has  increased  in  size  and  is  moving  somewhat  upstream. 
This  is  demonstrated  more  clearly  in  the  vorticity 
contour  plot.  By  a  *  16.5°,  4  <  0  the  vortices  are 
tending  to  interact  and  begin  to  move  downstream. 

This  process  also  has  been  discussed  by  Robinson 
and  Luttgesr^  Finally  by  i  «  9.5°,  a-  0  the  flow  has 
fully  recovered. 

Concluding  Remarks 

A  Navier-Stokes  calculation  procedure  has  been 
applied  to  the  problem  of  an  isolated  airfoil  oscil¬ 
lating  sinusoidally  in  pitch.  The  calculation  pro¬ 
cedure  has  solved  the  governing  equations  by  an 
implicit  technique  with  turbulence  represented  via 
a  nixing  length  model.  A  highly  stretched  grid  was 
used  to  resolve  the  turbulent  boundary  layer. 

Although  further  effort  remains  in  regard  to  the 
turbulence  model,  boundary  conditions,  etc.,  the 
resulting  calculation  showed  many  of  the  observed 
flow  field  features,  including  the  vortex  shedding 
and  separation  processes.  In  addition,  comparisons 
between  predicted  and  measured  surface  pressure 
distribution  showed  strong  qualitative  agreement. 

Acknowledgment 

This  work  was  supported  under  a  joint  NASA/ Army 
program  between  the  Structures  Laboratory,  U.S.  Arav 
Research  and  Technology  Laboratory  (AVRADCOM)  and 
NASA  Lang lev  Research  Center  under  Contract  NAS1- 

i  vn-. 

Ref crenc es 

1.  Carta,  F.O. :  "A  Comparison  of  the  Pitching  and 
Plunging  Response  of  an  Oscillating  Airfoil,"  NASA 
CR-J171.  1971. 

2 .  St.  Hilaire,  A.O.  and  Carta,  F.O. :  "Analysis  of 
1‘nsweju  and  Swept  Wing  Clvordwisc  Pressure  Data  from 
an  Oscillating  NACA  001^  Airfoil  Experiment,  Vol.  I  - 
Technical  Report,"  NASA  CR-3M>7.  19S3. 

3.  St.  Hilaire,  A.O.  and  Carta,  F.O. :  '’Altai  vs  is  >f 
1‘nsvcp:  and  Swept  Wing  Chordwiae  Pressure  Data  from 
an  Oscillating  NACA  00K*  Airfoil  Experiment,  Vol.  II 
-  Data  Report. "  NASA  CR-’tj L>S3. 

McAlister,  K.W.,  Pucci,  S  L.  ,  McCfoskev,  W‘.J. 
and  Carr,  L.W'.  :  "An  Experimental  Stud*,  f  Dvnani. 
Stall  in  Advanced  Airfoil  Sections,  Vo1.  ,  Pressure 
and  Force  Data."  NASA  TM  S--'-*,  fSAAVSADCOM  TK-SJ- 
A-S .  :f»ST. 

*>.  rukushiaa,  T.  and  Dad. me,  L.C.  :  ‘‘Comparison  of 
Dvnaalc  Stall  Phenomena  for  Pitching  aid  Vertical 
Translation  Motions,"  NASA  CK-.T^J,  l^T'. 

0.  McAlister,  K.V..  Carr,  L.W.  and  McCroskev.  W.J.: 
"Dvnanii  Stall  Experiments  on  tie  NACA  JOl.*  A.rfoil," 
NASA  hsa.  Report  1 1  wv .  1 '» 7  A . 


ur  plots. 


7.  Young,  W.H.,  Meyers,  J.F.,  and  Hoad,  D.R. :  "A 
Laser  Velocimeter  Flow  Survey  Above  a  Stalled  Wing," 
NASA  Tech.  Paper  1266,  1978. 

8.  Shamroth,  S.J.  and  Gibeling,  H.J.:  "Analysis  of 
Turbulent  Flow  About  an  Isolated  Airfoil  Using  a 
Time-Dependent  Navier-Stokes  Procedure,"  Boundary 
Layer  Effects  on  Unsteady  Airloads.  AGARD-CP-296 , 
1980. 

9.  Mehta,  U.B.:  "Dynamic  Stall  of  an  Oscillating 
Airfoil,"  Unsteady  Aerodynamics,  AGARD-CP-277 , 

19/7,  pp.  23-1,  23-32. 

10.  Wu,  J.C.,  Sampath,  S.  and  Sankar,  N.L.:  "A 
Numerical  Study  of  Unsteady  Viscous  Flow  Around 
Airfoils,"  Unsteady  Aerodynamics,  AGARD-CP-277 , 

1977,  pp.  24-1,  29-18. 

11.  Shamroth,  S.J. :  "A  Turbulent  Flow  Navier-Stokes 
Analysis  for  an  Airfoil  Oscillating  in  Pitch," 
Unsteady  Turbulent  Shear  Flows,  Springer-Verlag, 

New  York,  1981,  pp.  185-196. 

12.  Tassa,  Y.  and  Sankar,  N.L,:  "Dynamic  Stall  of 
an  Oscillating  Airfoil  in  Turbulent  Flow  Using  Time- 
Dependent  Navier-Stokes  Solver,  Unsteady  Turbulent 
Sb.ear  Flows,  Spr inger-Verlag,  New  York,  1981, 

pp.  207-220. 

13.  rhv'rtpson,  J.F.,  Ed.,  Numerical  Grid  Generation, 
North  Holland,  New  York,  1982. 

1-.  Gibeling,  H.J.,  Shamroth,  S.J.  and  Eisenan, 
i’.R.:  "Analysis  of  Strong  Interaction  Dynamic  Stall 
for  Laminar  Flow  in  Airfoils,"  NASA  CR-2969,  1973. 

13.  Steger,  J.L. :  "Implicit  Finite  Difference  Solu- 
tion  of  Flow  about  Arbitrary  Two-Dimensiona 1  Oeora- 
v 5  r  i e •> , "  A L\A  Journal.  Vo  1 .  1  »> ,  1978,  pp.  p 79-686. 

In.  Hindman,  R.G.:  "Genera  1  iced  Coordinate  Forms 
of  Governing  Fluid  Equations  and  Associated  Geom¬ 
etrical’.-  Ind'Ked  Errors,"  AIAA  Journal,  Yol.  20, 

1 48 2 .  pp.  1J54-1367. 

17.  fhoeus,  P.D.  and  lombard,  C.K.:  "ueometric 
Conservation  Law  and  Its  Application  to  Flow  Compu¬ 
tations  in  Moving  Grids,"  AiAA  Journal,  Vol,  17, 
i47v,  pp.  1030-10)7. 

!6.  Shamroth,  S.J.,  McDonald,  H.  and  Brilev,  W.R.: 
"Prediction  of  Cascade  Flow  Fields  Using  the  Aver¬ 
aged  Navier-Stokes  Equations,"  to  be  published  in 
ASNK  Journal  of  Engineering  for  Power. 

l-».  Brilev,  V.R.  and  McDonald,  H.  :  "Solution  of 
l tie  Mul  1 1 J intension.*  1  Compressible  Navier-Stokes 
Equations  b\  a  Generalised  Implicit  Method,"  J. 
v.onp.  Phvs.,  Vol.  24,  197  3,  pp.  372- 

2  ).  Brilev,  VI. R.  and  McDonald.  H. :  "<>n  the  Structure 
and  Use  of  Linear  i  red  Block  Implicit  Schemes,'* 

J.  Comp.  Phys.,  Vol.  34 ,  1480.  pp.  5.-73. 

21.  Moreiti,  G.  and  Pandolfi,  M. :  "Critical  Studv 
of  Calculations  of  Subsonic  Flow  in  Ducts,"  AIAA 
Journal.  Vol.  19,  1981,  pp.  ,-.9-;,57. 

22.  Brilev,  W.R.  and  McDonald,  H. :  "Computation  o* 
T.ree-Dimens  ional  Horseshoe  Vortex  Flow  Using  ttie 
Navier-Stokes  Equations,"  Seventh  Int erna t iona I 
Conference  on  Niuneri  .il  N»-t  o»! •»  In  Fluid  Dynami.  s . 


23.  Numerical  Boundary  Condition  Proceedings, 

NASA  Conference  Publication  2201,  1981. 

24.  Shamroth,  S.J.,  McDonald,  H.  and  Briley,  W.R.  : 
"A  Navier-Stokes  Solution  for  Transonic  Flow  Through 
a  Cascade,"  SRA  Rpt.  81-920007-F,  1982. 

25.  Robinson,  M.C,  and  Luttges,  M.W.:  "Unsteady 
Flow  Separation  and  Attachment  Induced  by  Pitching 
Airfoils,"  AiAA  Paper  83-0131,  1983. 


SOME  STRUCTURAL  FEATURES  OF  UNSTEADY 
SEPARATING  TURBULENT  SHEAR  FLOWS 
* 

Roger  L.  Simpson 
Southern  Methodist  University 
Dallas,  Texas  75275 


AD-P004  164 


ABSTRACT 

Some  physical  features  of  unsteady  separ¬ 
ating  turbulent  boundary  layers  are  presented 
for  practical  Reynolds  numbers  and  reduced 
frequencies  for  helicopter  and  turbomachinery 
tlcws.  Upstream  of  detachment  in  moderate 
amplitude  flows,  the  flow  is  quasi-steady,  i.e,, 
the  phase-averaged  flow  is  described  by  the 
steady  ^ree-stream  flow  structure.  Results 
presented  here  show  that  oscillation  waveform 
ana  amplitude  strongly  intluence  the  detached 
flow  behavior. 


I.  INTRODUCTION 

unsteady  turbulent  boundary  layers  are  of 
considerable  interest  because  of  unsteady 
aerccynumic  phenomena  associated  with  blades  in 
'•oppressors  era  turbines  and  with  helicopter 
rotors  in  translating  notion.  They  are  partic¬ 
ularly  important  during  high  lift  or  loading 
ccrr • t ions  when  separation  ray  be  present  during 
a  porv on  c Y  the  oscillation  cycle.  Under  such 
additions  mere  is  significant  interaction 
between  the  thick  turbulent  shear  layer  and  the 
* f \  l s c i C5  rLw.  Thus,  information  on  the  struc¬ 
ture  ' '  separating  ursteady  turbulent  shear 
\wcrs  ib  necessary  for  the  understanding  and 
; neper  calculation  c?  these  practical  :1ows. 

'r  unsteady  rlow  e*per:rertal  facility' 
with.  3  -u’ti -velocity  corpcrtr.t  laser  anemometer 
*  dt  teen  developed  and  used  *or  measurements  on 

me  stead#  'ree stream  separating  'lew  cases" 

a  ,5  ,o  ' 

and  two  unsteady  cases.  .he  unsteady  cases 

had  moderate  amplitude  sinusoidal  velocity 
W  f  inns  at  reduced  frequencies  ’  -••  -UJ  of 
..o’,  ma  C.90.  Other  r easunmer ts  at  C?*L  .  which 
c-e  presented  re,-e.  shew  mat  esc  1 1  lat  •-n 
wa.e’urr  and  arpi  1  fude  g‘,  ••  ’r'*t#e,‘-.  •  •>£ 

b’ofesscr  *  o',  [« 


detached  flow  behavior.  This  is  an  important 
result  since  some  practical  unsteady  flows  have 
non-sinusoidal  waveforms. 

In  spite  of  its  importance,  relatively 
little  fundamental  work  has  been  done  to 
oescribe  the  structure  cf  unsteady  separating 
turbulent  shear  layers.  To  this  writer's 
knowledge,  measurements  of  turbulent  Reynolds 
stresses  in  an  unsteady  separating  turbulent 
shear  flew  have  been  made  only  at  SMU  and  by 

Cousteix  et  al.7  at  O.N.E.R.A.  in  France. 

- 5 -  9 

Parikh  et  al .  and  Jayaraman  et  al .  at  Stanford 

examined  some  cases  with  small  amounts  of 
rear-wall  reversed  flow  during  part  of  a  cycle, 
but  with  ro  flow  detachment.  The  amplitude  to 
mean  tree-stream  velocity  ratio  was  about  0.3, 
0.15,  ard  0.3  in  these  investigations,  respec¬ 
tively.  Direct  measurements  of  the  oscillating 
Reynolds  shearing  and  normal  stresses,  surface 
shearing  stress,  and  fraction  of  time  backflow 
was  present  were  made  at  practical  Reynolds 
numbers  ana  reduced  frequencies  by  the  SMU 
group. 

As  background  for  this  paper,  a  brief 
summary  is  given  in  section  II  or  the  nature  of 
a  steady  freestream  separating  turbulent  boun¬ 
dary  layer  as  determined  by  the  work  of  Simpson 
et  a  1 . L  "  and  Shi  Ion  e t  a  1 .  *  at  SMu.  The 
results  from  the  sinusoidally  unsteady  separ- 
at  if**.;  turbulert  shear  !o_,er  of  Simpson  e •  a .  ’* 
are  discussed  m  section  ill.  Section  Iv 
presents  the  results  *  rer:  recent  work  that 
•ndicate  that  the  osculation  waveform  arc 
amplitude  strongly  determine  the  ben avion  a 
detaching  turbulent  shear  layer. 


'he  Jraotloh  of  tire  with  forward  'Kw 

a  dr  C  r  !  pt  1  ve  ,  sr,*met<?r  *  tf.tr 
:u 

*’  «  HrtacTert  state.  ’  ’  !♦  c  *;  lent  detachment 


1 1  mr ; 
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mittent  transitory  detachment  ( I TD }  occurs  with 
backflow  20i  of  the  time;  transitory  detachment 
(TD)  occurs  with  backflow  50‘  of  the  time;  and 
detachment  ( D )  occurs  where  the  time-average 
wall  shear  stress  is  zero. 

figure  1  shows  a  Qualitative  sketch  of  the 
second  steaay-f reestream  bottom  wail  turbulent 
separated  flow  studies  at  5MU  and  the  locations 
of  ID,  ITD,  and  D  when  determined  1  mm  from  the 
wall.  The  mean  flow  upstream  of  ID  obeys  the 
"law  of  the  wall"  and  the  "law  of  the  wake"  as 
long  as  the  naxinur  sneariny  stress  -euvp.a  is 

HidX 

less  than  1.5  :  ,  wrere  :  is  the  local  wall 
w  w 


shearing  stress.  When  -cuv^ 


1.5  t  ,  the 
w 


Perry  ana  Schofield*"  mean  velocity  profile 
correlation  and  the  law  of  the  wall  apply 
up'tream  of  I TD .  Up  to  one-third  of  the  turbu¬ 
lence  energy  production  tr  trie  outer  reqicn  is 
our  tt  r c ma  1  stresses  effects,  whicn  modifies 
tne  relations  betweer  dissipation  rate,  turbu¬ 
lence  energy ,  and  turbulent  shear  stress,  tnat 
•v  observed  further  upstream. 

1'C'wrstream  uf  detachment,  the  mean  oackflow 
prof il»  scales  on  the  maximum  negative  near 
•  flci.  t  t,  ard  its  distance  frcr  the  wall  \.*“ 
vs.  y  law  cf  the  wail  is  net  consistent 
witr  this  'esult  since  „,  ana  N  increase  with 
■.rear-wise  distance  write  >1  *  varies 

W 

’ '  v e r s e  1  v  witf  *  ,)  *.  Hign  turbulence  levels 
w 

e*?sl  the  oackflow,  with  u  and  v  fluctuations 
u*  tr*e  sar.r  rctr  as  1  .  -uv<  u '  v ’  becomes  lower 
w'tfi  1  "free  Sing  Dar».'l'w  and  is  about  25  *  lower 
'i  Outer  regi?r.  than  for  tne  upstream 

irta.hed  *1  *.  i’txiny  length  and  eoov  viscosity 
T z* I s  a*>  adequate  upstream,  of  deli  Chine;’.'..  ard 
ir  t'e  :uter  regie",  but  are  physically  meuning- 


scanning  laser  anemometer  reveal  a  relatively 

14 

coherent  structure  of  the  large  eddi°s.  The 
backflow  does  not  come  from  far  downstream.  The 
frequency  of  passage  n  of  these  large-scale 
structures  varies  as  Ug/c  and  is  about  an  order 
of  magnitude  smaller  than  the  frequency  far 
upstream  of  detachment.  Reynolds  shearing 
stresses  in  the  backflow  must  be  modeled  by 
relating  them  to  the  turbulence  structure  and 
not  to  local  mean  velocity  gradients.  The  mean 
velocity  profiles  in  the  backflow  are  a  result 
of  time-averaging  of  the  large  fluctuations  and 
are  not  related  to  the  cause  of  the  turbulence. 

Commonly  used  turbulence  models  for 
attached  flows  do  not  work  well  tor  separated 

it; 

flows.  Eaton  "  discussed  computations  of  the 
Simpson  et  al.*3  flow  that  were  made  for  the 
198G-1981  AFOSR-HTTM-Stanford  Conferences  on 
Complex  Turbulent  Flows.  The  integral,  eddy 
viscosity,  and  mixing  length  methods  that  were 
used  were  essentially  attached  boundary  layer 
methods  with  some  ac  hoc  change  that  would  make 
tne  detached  flow  mean  velocity  profiles  look 
good.  Unfortunately,  the  calculated  Reynolds 
shearing  stresses  were  much  lower  than  the  data. 
One  5  equation  model  was  used  that  better 
predicted  the  shearing  stress,  but  overpredicted 

the  growth  rate  of  ire  shear  layer.  Collins  ard 
16 

Simpson  also  showed  that  wher  attached  flow 
minng  length  mo  den,  are  imposed  on  detached 
flcws,  low  muinq  lengths  and  low  shear  stresses 
r-j, st  be  used  in  oroe*  to  get  good  rear  velocity 
pros  ties. 
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given  phase  _t  Gt  a  cycle.;  Figure  3  shows  the 

sinusoidal  waveform  Ue/0e.  Upstream  of  where 

intermittent  backflow  begins  (y  <  1),  the  flow 

pu 

and  turbulence  structure  behave  in  a  quasi  - 
steady  manner. 

After  the  beginning  of  detachment,  large 
amplitude  and  phase  variations  develop  through 
each  flow  and  the  structure  is  not  quasi-steady . 
Unsteady  effects  produce  hysteresis  in  relation¬ 
ships  between  flow  parameters.  As  the  free¬ 
st  ream  velocity  during  a  cycle  begins  to 

increase,  the  fraction  ot  time  that  the  flow 
moves  downstream  y  ^  at  a  given  phase  of  the 
cycle  increases  as  backflow  fluid  is  washed 
downstream.  As  the  free-stream  velocity  nears 
tne  maximum  value  in  a  <-ycle,  the  increasingly 
uc.e-'se  pressure  gradient  causes  progressively 

greater  near  wall  backflow  at  downstream  loca¬ 
tors  while  remains  high  at  the  upstream 

;ar:  of  the  detached  dew.  After  the  free- 
<tr>v,r  velocity  begins  fn  decelerate,  the 

location  *nere  flow  reversal  begins  moves 
upstream.  "his  cycle  is  repeated  as  the  free- 
vt*!.,*r  velocity  v.gair,  increases. 

’.'u\r  tne  wo .  1  in  me  back'lew  region,  the 
c*  ‘erole-a.t-raged  velocity  leads  the  f rec-strear 
‘  c  ’  ty  D>  t.  ’jrge  amount.  The  phase  angle  of 
t  'it*  ;r*Mudic  back*’ow  velocity  end  0^,0  are 
» -r' .  incepr'-cent  pf  .  near  tne  wall.  The  mean 
r.vc»*lcw  profile  in  terns  of  C/C,  and  ..  r*  are 

•s.-pfc  tel  y  the  same  as  for  tne  ^erparable 

s !  e '  dy  *  ret*- if  ream  cast*,  "hus ,  it  appears  that 
* "'<*  cf  >e!‘ b verged  back' low  near  the  #*all 
1  i  >  r  '  ,,uaS  '  -  S  f  radv  flew  «*■«*<“  "v.'TC.  1 1  -*t*d 

’  •  ir>'  *••  _  __ 

Tci.i.i  t  •ea'*'  -*  detachment  u~  a'd  ,*  jt-r 

<  1  : ;}••  t  .  '  * gher  ft.*  t-*e  ^stej*.';  *  ■.  *  ma1  t re 
•*t*d,  'low.  eSi’rt  ‘ally  re.;«-  tf-f  wa «dj-re  *tM! 
c ♦ '  -w  oc..,rs.  'he  p  ►.*.<«•  arg!e  *..r  '*  t**r 

*  ;r  *  r  '  *c  1  y  gr«rafe*  thjf  the 

•  •  rt--> trear  .t  loc  it>  .male  angle  as  the  < '■)* 
,-ot  t  ■  '  <*rs '."*•.*••  .  'he  ti»*  tu‘e*  ,'e  structure 

p«-  *  ;  vr<  r  legs  '-he  <*'-srrt  ;e-a  vt-raged  f  1  « 

wsCillafK'  * :  f  r  -u . .  1  *> ;  'ng  ?r.  the 

•,  at'e-t  .  >*•  rjt’.,  -vv.  -T7  ir,. ••eases  'eor* 

C'.'ut  C.C  -ii  trear  •  Je*.  »-;.hre.'  t  ’.  about  C .  * 

1  w»  s  t  re  **". 


averaged  backflow  is  greatest  when  y  is  low 

^  Pu 

and  when  u  and  vc  are  near  maximum  .alues.  In 

other  words^  U  in^the  backflow  is  nearly  in 

phase  with  u^  and  vc  .  This  is  consistent  with 

the  general  observation  from  the  steady  flow 
“2  ? 

that  u  and  v'  are  greater  when  there  is  more 
mean  backflow. 

_ _ _  The  steady  flow  results  show  that  -uv  / 

fu v  decreases  with  decreasing  y  .  In  the 

PU 

steady  flow  -uv  is  greater  with  less  ensemble- 
averaged  backflow  or  greater  y  .  In  other 
words,  U  is  lower  and  lj.  is  nearly  ir  phase  with 
-uv. .  As  in  the  steady  tree-strear  flow,  -uv  / 


/utvfc'  decreases  with  decreasing  >  ,  although 

there  is  sore  hysteresis  and  phase  lag  tor  the 
unsteady  flew. 

Simpson  anc  Shivaprasad^  ••  ported  measure¬ 
ments  for  a  reduced  frequency  of  0.9G  also  with 
U,  /Gg  s  0.3.  "he  G.90  reduced  frequency  nas 
tre  same  qualitative  behavior  as  the  C.60 

reduced  freuuercy  case.  Lcwrstream  of  detach¬ 
ment  i ri  both  flows,  the  free -smear  velocity  and 
tne  pressure  gradient  are  in  pnase.  !•  Doth 

sinusoidally  unsteady  flews,  me  ersemble- 
iveraged  detached  'low  velocity  profiles  agree 
*ith  steady  freestrear  profiles  fer  the  same 

.  value  near  the  wall  whe*1  n.  4  >t  *  0. 
pumin  pumir, 

•irwever,  the  higher  r^cuced  * requercy  'low  has 
much  larger  ny«  tmesis  tr  ensemble-averaged 
.elcotv  profile  '.nates  when  •<,  .  .*t  -  0  man 

me  *•  owe r  reduced  f'Tq-iefCy.  Larger  ard  • 
five  values  of  the  e**semolc-.t .eraoed  city 
profile  shape  'deter  •«  occw  *.•*•  this  *’  * 

during  phases  when  me  '•('.■rdi-e*  S  Ufa  1  ba*. *'!..* 


tre  experiments  discussed  above,  an  axiai- 

compressor-type  waveform,  and  a  large  amplitude 

oscillation,  which  were  produced  in  the  5MU  wind 

tunnel.  The  parameter  R  =  [ u  -  U  .  )/2C 

■  e  max  e  min"  e 

i s  0.3,  0.238,  and  0.752  for  these  cases, 

r  espectively .  In  each  case  exam  red  the  mean 

tree-stream  velocity  0  was  the  same  rear  the 

test-section  throat  (1.62m). 

To  survey  the  influence  of  waveform  and 

’mp’itudc  on  trie  flew,  the  surface  skin  friction 

at  the  wind  turnel  throat  and  >  near  the 

pun  in 

wd  1 1  *n  the  detaching  flow  zero  were  measured 
‘•'or  these  cases.  Lpstrear.  of  the  strong  adverse 
pressure  gradient  region,  the  mean  steady 
fr;ction  factor  was  found  to  be  independent 
:  M.c’ore  shape  arc  amplitude: 
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300- ,  ,  decreases, 
cumin 

Figure  6  shows  y  ■  vs.  X  at  various  ~t 
y  pumin 

for  the  large  amplitude  oscillatory  flow. 
During  20'  «  *,t  120°,  the  backflow  is  com¬ 

pletely  washed  out  with  'rpurrin  becoming  unity. 
As  the  freestream  velocity  reaches  the  maximum 
velocity,  f  -n  decreases  in  the  downstream 
zone.  Some  second  harmonic  effects  are  evident 
for  120  -  *t  240'.  At  larger  ._ t . 

drops  to  very  low  values  in  the  downstream  zone 
and  backflow  occurs  as  far  upstream  as  the 
test-section  throat  (1.62m).  The  quantitative 
differences  between  Figures  4  ard  6  indicate 
that  the  oscillation  amplitude  influences  the 
detached  flow  behavior. 

Some  mean  velocity  profiles  f'er  ’’he  large 
amplitude  flow  are  shown  in  Figure  These 
prof'ies  are  much  different  in  shape  ’.ban  these 
of  'he  lower  arpli'uce  siruscidal  cases  since 
large  variations  u*  the  detached  shear  flow 
occur  and  tr.e  shapes  o*  the  enserole-averagec 
profiles  fer  each  phase  c ♦'  'he  cycle  are  much 
di,ferent  than  those  of  the  ’ewer  arpl’tude 
'lows.  Figure  n  sr.w>  profile*  if  'he  mear 
‘''Motion  of  tire  '.‘’-at  the  '•  ,*  ~oves  downstream, 
7  .  Figure  9  snews  pro'i’cS  Of  the  phase  angle 

or  toe  *rrst  rarronic.  1 •  ke  the  lower  arpl1- 
t-de  smuscida!  wave''c^  *1  ws ,  there  is  ’ittle 
.a'-ijtu'r  f  t  n  i  s  pnasr  jrgle  through  t^e 
lr’. Juhed  shcai  ’a>er.  "h’*  :  e*  r  t  «ar  that 

t»  is  detached  *1  w  ••  ;ua’.  i  -  steady  tecause 

*'jrror  t  c\  j  ••  d  "  *-'"f u'-  e  *  *  r  '• 

•r;>-  •  ta1  t . 
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i'|ure  2.  Free stream  flow  conditions  for  the  steady 
-■ye -s’. ream  How  of  Simpson  et  aj_.  (1931a)  and  the 
i”jSoidal  unsteady  How  of  Sinpson  e_t  al_L  (1983). 

4.  solid  line,  stead;,  flow,  open  symbols,  sinusoid- 
^  unsteady  flow  on  different  days.  Phase  angles  of 
oa  monies:  A  ,  .  free-stream  velocity;  •. 

^  ♦  ’  T  ,  pressure  gradient  .dashed  line  for 

i^al  a  ’  :  .  le 
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Figure  6.  Phase-averaged  Y  vs. 

puriin 

3  X  for  different  uil  phases  of  a  cycle 
for  the  larqe  anplitude  waveform. 
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Figure  7.  Ilean  velocity  profiles  U 
vs.  y  for  the  ’arge-arrpl  i  tude  flow: 

A  ,  3.00  m ;  O  .  3.66  n;  V  ,  4.34 
m.  Closed  symbols:  directional ly- 
sensitive  laser  anemometer  data; 
open  symbols:  hot-wire  anemometer 
data . 
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Abstract 

’he  evolution  of  unsteady  boundary  layers  on 
j  s  c  i !  ]  u  t  ?  r.  o  5  ’>foii?  i s  studied.  t,ie  computational 
difficulties  associated  with  the  novenent  of  the 
stagnation  point  as  a  function  of  space  and  tine 
are  so'ved  by  using  a  novel  numerical  scheme. 
ralcuTations  are  performed  for  pressure  distribu¬ 
tions  typical  o'  ♦^ose  found  "ear  f’e  leadinn  edge 
of  airfoils.  Results  are  presented  for  two  cases. 

In  t^e  'irst,  solutions  are  obtained  for  a  flow 
with  separation  and  with  prescribed  pressure  dis¬ 
tribution;  t^ev  infer  that  a  similarity  develops 
and  ; s  o'  the  sane  type  as  that  observed  on  a  circ- 
u’ar  cy’ider  smarted  inpulsive’v  from  rest.  In 
♦he  secor",  results  are  obtained  for  the  sane  flow 
i"-  tk,e  viscous  'lev/  so’ut’cns  are  interacted  with 
♦*e  external  flow  by  usinn  an  inverse  houndary- 
’ ayer  method.  interaction  seems  to  remove 
s  <"m:,aritv,  touevpr  ,  ’kese  results  are  rre1  ’’rirar » 
"ee^  ^  Ke  c^ec^e*  improve4  upon. 

1  .0  V»roOuCt’nn 

I"  recen*  ears  some  ,*portan»  ievelcpmen^s 
‘■wave  occurred  i«  t^e  ♦►'eor1'  of  two-dimers ional  ’ar- 
* n a»*  boundary- 1  iver  'lews.  '^e  crucial  discovery, 

*  e  *;  .in  rorT’e’e"  and  'hpr-  ,  m  *h«t  ^e  soTu- 

*  m"  i'  •*■>£  hounoany-l aver  equations  wit4*  boundary 
rrrnifrors  correspond <rn  to  a  circular  cylinder 
started  irpu!s;velv  'r c~  res*  develops  3  singular¬ 
ity.  *his,  wit4*  u.  'leno*<nn  tk,e  velocity  of  t*e 
cv’icer  and  a  ^ts  radius,  occurs  at  a  tire  u..t  a 
>  T.C  and  at  an  angular  distance  »  Ill*  'ron  the 
'on.ari  stagnation  point.  At  tK'S  f’re  *he  position 
of  tern  skin  frict’o*  is  . t  *  ’d£  close  to,  bu^ 
“■'t  co i"C •’ dent  wi**,  s 'i,’gu  1  ar i t v.  Tl,,is  discov¬ 
er'  ..-as  n*a-*e  bv  solving  ’fce  governing  boundary- 

* ayer  egyat!en»  4r  'agrarg*an  form;  subsequent  \v, 

**■«  e«  isterce  o'  the  singularity  was  "on'inmed  bv 
*e4eci:  us’^n  tke  ruleria"  'orr*  an*  py  'cw’ev  us- 
*fce  r,e,kr.d  o'  series  tri;nrj,4pr.  i**pop’*- 

J"ce  o'  rp5u,»  <5  •vr-'o!d.  r<rs*.  ••  {s  o' 
i-p-rta-ce  *"  »4,e  'undaren* J*  *hPorv  o'  **  i  - 
*'ev"0*ds  "urber  '’"vt  *«,■< *ca!  imr  »wa*  an  *r‘er- 

act  ’ ve  *heorv  *s  **eeessarv  to  understand  t*e  evo’u- 
•*  "  mt  t*e  'lor  fie’  4  at  a  '*"<•*  •  *'•?•■  »nf 

-  •  •  -  -  »tan*s  >*  a  t  hen  •  *  an  ■•j*  1  >/  a  ’n^n  t  *,,e . 
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surface  at  some  stage  in  the  cycle  and  causes  stall 
to  occur  shortly  afterwards.  The  occurrence  of  the 
vertex  is  probably  associated  with  a  breakdown  of 
the  unsteady  boundary  layer". 

The  purposes  of  the  present  research  are  to 
determine  the  relationship  between  unsteady  separa¬ 
tion  and  singularities  in  the  solution,  and  to 
explore  the  possibilities  of  removing  this  singu¬ 
larity  by  interaction  of  tbe  viscous  and  inviscid 
eauations.  In  this  paper  we  outline  the  current 
status  of  the  work,  report  our  progress  and  des¬ 
cribe  the  problems  which  remain  to  be  solved.  So 
far  we  have  examined  the  evolution  of  the  boundary 
laver  near  the  rose  gf  an  osciT1aMng  air'oil  and 
found  that,  when  the  reduced  frequency  is  of  the 
same  order  as  in  the  experinen’s  on  dynamic  stall, 
'we  unsteady  boundarv  laver  ceases  to  behave  i"  a 
smooth  manner  jus*  downstream  cf  separation  and 
b?'ore  one  cycle  Kas  been  completed;  as  with  tbe 
irpulsivelv  started  circular  cylinder,  this  irreg¬ 
ular  behavior  signals  the  onset  of  a  singularity 
in  the  solution  of  the  boundary-layer  equations. 

~he  equations  and  solution  procedures  use'4  in  the 
present  study  are  described  in  Actions  ?  and  3, 
respectively,  and.  t*e  results  are  presented  and 
discussed  in  Section  4. 

At  present  we  are  in  the  process  of  e*arini"g 
the  link  between  this  singularity  and.  the  externa1 
flow.  Previous  studies’  cf  steady  interactive 
boundary  ’avers  have  been  reported  for  the  Tead,-ng- 
edre  region  of  thin  airfoi’s  of  the  type  considered 
here.  If  t  is  the  angle  of  attack,  it  was  observed 
that  t^e  boundary  layer  near  ?he  nose  is  well  be¬ 
haved.  and  unseparated  if  t  •  t5  1.15  and  although 
there  is  significant  adverse  pressure  gradient,  a* 
Mgfcfr  values  of  «,  however,  separation  occurre* 
wix'i  an  associated  singularity  whicw  nequireg  v*e 
use  of  an  interactive  •>,ecry.  ’..‘it*  sue*  a  t*,eony, 
ca!cuTafcn  of  '^ows  wit1'  small  separation  pre¬ 
sented  no  difficult ies,  but  at  higher  values  o'  • 
the  ^elutions  'aile-i  to  converge,  providing  no 
stea*y-state  solution.  An  important  objective  o' 
~ur  studv  p'  intense* ive  unsteady  'lows  is  tc 
■'etermin^  a  sirilar  breakdown  will  occur, 

'►e  equations  and  »*e  so’ut''rn  proceiures  are  s ' r- 
i’ar  to  *hcse  o'  rec*ior<  *  and  '  a-d  t*-e  pronress 
so  'ar  {s  ‘esnr’bed  ‘n  r?c*<$r  T  . 
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Usually  the  boundary- layer  calculations  for  the 
above  equations  are  performed  for  prescribed  bound 
ary  conditions  given  by 


sured  from  the  nose,  and  r0  l‘=a/x)  represents  a 
dimensionless  angle  of  attack.  The  parameter  r  is 
also  related  to  the  surface  distance  s  by 


u ( s ,0 , t )  =  0,  v(s,0,t)  =  0,  u(s,n^,t)  =  ue(s,t)  (3) 

and  we  shall  refer  to  this  as  the  standard  problem. 
In  the  interactive  problem  we  determine  up(s,t) 
partly  from  inviscid  theory  and  partly  from  the 
pressure  distrioution  resulting  from  the  blowing 
velocity  d/ds  (ue5*)  induced  by  the  boundary  layer. 
Thus  we  write 


s 


ax 


|  (1  +  ir2}1/2dr, 

0 


(3) 


We  next  define  a  dimensionless  distance  n  by 


n 


'  R ( 1  4  t)  i1/2  n 

.5777  +  ?l)  j  a 


(9a) 


u0(s,t)  =  u°(s,t)  +  uc(s,t)  (4) 


where  ug(s,t)  is  the  slip  velocity  at  the  airfoil 
according  to  inviscid  theory  and  uc(s,t)  is  related 
to  the  blowing  velocity  by  a  variation  of  the 
Hilbert  integral 


uc(s,t)  * 


d 

Hs 


(V*) 


s  - 


(5) 


with  R  =  H'ldv,  and  a  dimensionless  stream  func¬ 
tion  f  by 

ftt.n.t)  =  [(1  +  x)aua5vT2]‘1/2o(s,n,t)  (9b) 


Introducing  these  relations  together  with  Eq.  (8) 
into  Eqs.  (1)  and  (2),  it  can  be  shown  that  the 
continuity  and  momentum  equations  can  be  written  as 


Strictly,  Eq.  (5)  is  valid  only  for  straiylic  walls 
but  it  can  be  generalized  for  any  airfoil  shape  as 
discussed  by  Tereci  and  Clark9.  For  unseparated 
boundary  tayers  the  effect  of  uc(s,t)  is  gener¬ 
ally  weak  but  once  sepa-ation  occurs,  its  effect 
is  enhanced  significantly  in  the  neighborhood  of 
separatiun.  That  this  must  be  so  may  he  seen  bv 
noting  that  otherwise  the  integrand  in  Eq.  (5) 
would  develop  a  strong  singularity  at  separation 
and  cause  the  solutions  to  break  down  further  down¬ 
stream.  As  discussed  in  Refs.  7  ana  8,  it  is  suf¬ 
ficient  to  replace  Eq.  (5)  by 


f-' 


— — 7  r?  ♦  n  + 

i  ♦  • 


,  M  ,  r2.3/2  e  ,, 

+  U  +  C  )  rr-  *  f 
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uc(s,t) 


(ue;*)' 
S  -  ’ 


6' 


Here  prines  denote  differentiation  with  respect  to 

(6)  *  and  t]  ■  (1  ♦  .  }u.0t/aT2. 

The  boundary  conditions  for  f  and  f'  become 


where  the  prime  denotes  differentiation  with  f  ■  f '  *  o  at  *  0, 

respect  to  s. 


In  the  standard  problem,  the  solution  of 
boundary-layer  equations  requires  that  the  external 
velocity  distribution  be  specified.  Since  the 
present  effort  is  directed  toward  volutions  near 
the  leading  edge  of  the  airfoil,  a  local  model  for 
the  potential  flow  has  been  chosen  in  the  place  of 
a  full-notential-fl*  v  code.  Vie  consider  an  ellipse 
with  major  axis  2a  and  minor  a-ls  2a:(^*  l)  at  an 
angle  of  attack  «ft).  The  surface  of  the  body  is 
defined  by 

x  *  -a  cos*,  v  «  a-  sirf*  --  •  *  *  - 


f*  -  (1  ♦  r.2)1/2  Vr,V  as  -  - 


(11) 


The  definition  rf  ue(r.,t,)  is  given  by 

u _fr,t)  r  ♦  rA{tJ  L 

Vr**>  ■  nWr  •  ~=4~  *  r 
/  1  *  r*- 


(12) 


where  with  a  prime  denoting  differentiation  with 
respect  to 


and  with  these  definitions  and  to  a  <1rst  approxi¬ 
mation,  the  external  velocity  around  the  ellipse 
can  be  deduced  fron  inviscid  'low  theory  to  be 
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(1  ♦ 
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.J/2 
TTyr Tc 


'b^jV 

r  r  w  r 
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<nr 


(13) 


u°fs,t)  •  °-  (71 

/fTr 

uere  ( s , 1 1  denotes  a  d inens ionless  velocity, 
vr 'u  H  *  *),  the  parameter  denotes  a  dimen¬ 
sionless  distance  related  to  t^e  *-  and  y-cocrdin- 
ates  of  the  ellipse  by  »  •  1  :  a  '',  y  *  a-*”"  rea- 


and  the  dimensionless  displacement  thickness  is 
given  by 

••r.t,)  ■  ,lI",  -  fc.-.t,)]  (M) 

Substituting  Eq.  (14)  into  Eo.  (13),  and  using  Eq. 
(17),  the  edge  boundary  condition  in  Eq.  (11)  can 


be  written  as 


where  w  is  related  to  the  dimensional  frequency  by 


A'tr.t.) 

f‘  -  K  +  lit,)  +  E  j  b - LdT 

0  I  r  r  .  r 


=  1.  [113+11  ]T/2 


To  complete  the  formulation  of  the  problem,  initial 
conditions  must  be  specified  in  the  (t,n)  plane  at 
some  s  =  s0,  either  on  the  lower  or  upper  surface 
of  the  airfoil  as  well  as  initial  conditions  in  the 
plane  on  both  surfaces  of  the  airfoil.  In  the  lat¬ 
ter  case,  if  we  assume  that  steady-flow  conditions 
prevail  at  t  =  0,  then  the  initial  conditions  in 
the  (s.n)-plane  can  easily  be  generated  for  both 
surfaces  by  solving  the  governing  equations  for 
steady  flow,  which  in  this  case,  are  given  by  Eq. 

(1 )  and  by 


There  is  no  problem  with  the  initial  conditions  for 
Eqs.  (1)  and  (17)  since  the  calculations  start  at 
the  stagnation  point. 

The  generation  of  the  initial  conditions  in 
the  (t,n)-plane  are  not  so  straightforward  to  ob¬ 
tain  as  is  discussed  in  Section  3.1. 

3.0  Solution  Procedure 


Here  E0  and  A  denote  parameters  that  need  to  be 
specified.  Since  by  definition  ug  =  0  at  the 
stagnation  point,  its  location,  Ts,  is  given  by 


rs  =  -T0(l  +  A  slnutj) 


and  so  the  upper  and  lower  surfaces  of  the  airfoil 
as  functions  of  time  are  defined,  in  particular, 
by  K  >  Es  and  l  <  Es.  For  example,  let  us  take 
A  *  1 ,  u) ' *  n/4  and  plot  Es/T0  in  the  (t,E)-plane, 
as  shown  in  Figure  1  for  one  cycle  (0  <  t-j  <  8). 
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The  solution  procedure  for  the  set  of  equa¬ 
tions  and  boundary  and  initial  conditions  given  in 
Section  2  can  oe  achieved  in  two  parts  concerned, 
respectively,  with  the  leading  edge  and  downstream 
region.  These  two  parts  are  considered  In  the  fol¬ 
lowing  two  subsections.  In  both  cases  the  solution 
procedure  nakes  use  of  Keller's  box  method,  which 
is  a  two-point  finite-difference  scheme  extensively 
used  for  the  solution  of  parabolic  partial-differ¬ 
ential  equations,  as  discussed  by  Bradshaw  et  al.’, 

3.1  Leading-Edge  Region 

The'  generation  ofThe  initial  conditions  in 
the  (t.n)-plant  at  s  *  s0  requires  a  special  numer¬ 
ical  procedure.  Given,  as  we  are,  the  complete 
velocity  profile  distribution  on  the  previous  time 
line,  there  is,  in  principle,  no  difficulty  in  com¬ 
puting  values  on  the  next  time  line  by  an  explicit 
nethod,  but  if  we  wish  to  avoid  the  stability  prob¬ 
lems  associated  with  such  a  method  by  using  an  im¬ 
plicit  method,  we  are  imediately  faced  with  the 
problem  of  generating  a  starting  profile  on  the  new 
time  line. 

In  order  to  explain  the  problem  further.,  it 
is  instructive  to  see  what  happens  to  the  stagna¬ 
tion  point  as  a  function  of  time.  For  this  purpose 
let  us  consider  Eq.  (7).  If  we  choose  r 0 ( t g )  to  be 
of  the  form  r0(l  ♦  A  sin“t]),  and  let  u^ 
i$'u  (1  ♦  *),  then  Eq.  (7)  becomes 


•*!> 


'Q(l  ♦  A  sin“tj ' 


Fig.  1.  Variation  of  stagnation  point  with  time 
for  one  cycle  according  to  Eq.  (19),  with  “  =  n/4, 
A  -  1. 


When  t]  *  2,  the  stagnation  point  r,s  is  at  -2r.0, 
when  tj  *  6  is  at  0,  etc.  If  rs  were  fixed,  we 
could  assume  that  u  =  0  at  r  *  r,0  for  all  time  and 
all  n,  but  this  is  not  the  case.  It  is  also  pos¬ 
sible  to  assume  that  the  stagnation  point  is  coin¬ 
cident  with  zero  u-velocity  for  a  prescribed  time. 
However,  we  should  note  that  the  stagnation  point 
given  by  Eq.  (19)  is  based  on  the  vanishing  of  the 
external  velocity.  For  a  time-dependent  flow,  this 
does  not  necessarily  imply  that  the  u-velocity  is 
zero  across  the  layer  for  a  given  —location  and 
specified  time.  This  point  is  substantiated  by  the 
results  shown  in  Figure  2  taken  from  Ref.  10  and 
obtained  with  a  novel  numerical  procedure  called 
the  characteristic  box  scheme.  It  is  also  evident 
from  Figure  2  that  flow  reversals  do  occur  due  to 
the  movement  of  the  locus  of  zero  u-velocity  across 
the  layer.  This  causes  numerical  instabilities 
which  can  be  avoided  by  using  either  the  zig-zag 
box  or  the  characteristic  box  finite-difference 
scheme,  ^e  details  of  these  numerical  schemes 
have  been  reported  in  Ref.  Q  and,  with  special 
reference  to  oscillating  airfoils,  in  Ref.  10. 

3.2  Downstream  Region 

A  solution  to  the  leading-edge  region,  ob¬ 
tained  by  the  procedure  of  Section  3.1,  may  be  used 
is  initial  conditions  for  the  solution  of  the  sys¬ 
tem  of  equations  given  by  Eqs.  (11)  and  (15)  both 
with  either  standard  or  inverse  procedures.  In 


Fig.  2.  Velocity  profiles  in  the  immediate  neighborhood  of  the  stagnation  line  at  different  times  for 
j  =  n/4  and  A  =  1 .  The  dashed  lines  indicate  the  locus  of  zero  u-velocity  across  the  layer. 


practice  a  standard  procedure  is  used  up  to  a  spec¬ 
ified  r-location  after  which  the  calculations  may 
proceed  by  either  standard  or  inverse  procedures. 
For  example,  to  study  the  evolution  of  the  boundary 
layer  on  an  oscillating  airfoil  with  prescribed 
pressure  distribution,  we  use  the  standard  proced¬ 
ure  and  where  the  inviscid  and  viscous  flow  equa¬ 
tions  are  solved  interactively,  the  inverse  pro¬ 
cedure  is  used  after  a  short  distance  from  the 
leading-edge  region. 

To  solve  the  equations  for  both  standard  and 
inverse  problems  we  use  modified  forms  of  Keller's 
box  scheme.  In  the  latter  case  we  use  the  Mechul 
function  formulation3  which  treats  the  external 
velocity  as  an  unknown. 


Eq.  (15).  Introducing  a  discrete  approximation  to 
Eq.  (15),  it  can  be  written  in  the  form 


re(V  *  *  9, 


(12) 


where  c i is  t*e  matrix  of  interaction  coefficients 
defining  the  relationship  between  the  displacement 
thickness  and  external  flow  and  the  parameter  gj 
represents  terms  v^ose  values  are  assumed  to  be 
known.  It  is  gi  _-n  by 


■:«i 


g..  =  *  rA  +  e  l  C..MF.  )  +  c  l  c..A(F.  ) 

1  i  o  ksl  k  ksi+1  ik  k 


(23) 


The  box  scheme  reduces  Eq.  (10)  to  a  first- 
order  system.  With  ue,  f’  and  f"  represented  by 
w,  r  and  v,  respectively,  we  write 


r  •  r  (20a) 
r'  «  v  (20b) 
w'  »  0  (20c) 


and  obtain 

v1  *  —j  r?  ♦  (1  ♦  -2)w  ♦  (If  r?)3/2 

1  ♦  ’M 

»  r  ^  -  vi  +  (1  «>  ^2)  (20d) 

'M 

With  this  notation,  the  boundary  conditions  given 
by  Eq.  (11)  can  be  written  as 

f  *  r  ■  0  at  •'■0  (21a) 

r  *  (1  ♦  ~2)1/2wa  at  »a  (21b) 

“  e  e 


For  the  standard  problem  we  is  kncwn  and  is  giver 
by  Eq.  (10).  A  fourth  boundary  condition  is  re¬ 
quired  for  the  inverse  problem  and  is  obtained  from 


The  system  of  Eqs.  (20)  to  (22)  has  been 
solved  by  the  numerical  procedure  of  ref.  9  for 
the  standard  and  inverse  formulations. 

4.0  Nature  of  the  Singularity  for  an 
Oscillating  Airfoil- 

One  phase  of  the  calculations  for  the  oscil¬ 
lating  airfoil^  was  carried  out  by  choosing  r0  •  1, 

A  *  -1/2  and  ”  *  0.1.  With  these  choices  the  maxi¬ 
mum  value  of  "Jeff*  defined  by 

neff  *  r.0d  ♦  A  5 in~t -j )  (24) 

is  sufficient  to  provoke  separation  with  a  strong 
singularity  if  the  boundary  layer  were  steady.  At 
present  r0,  A,  ’  are  being  varied  to  examine  their 
effect  on  the  nature  of  singularity. 

The  unsteady  flow  calculations  displayed  in 
Fig.  1  show  that  the  boundary  layer  eventually  sep¬ 
arates,  the  flow  remaining  smooth.  However,  just 
downstream  of  separation,  it  is  evident  that  a  sin¬ 
gularity  develops  in  the  solution  in  the  neighbor¬ 
hood  of  r  ■  2.12  and  7t]  ■  308.75°  and  that  it  is 
not  possible  to  continue  the  solution  beyond  this 
tine  without  conceptual  changes  in  the  mathematical 
and  physical  fornulation  of  the  problen.  While 
this  is  a  satisfying  conclusion,  and  nay  be  inter¬ 
preted  as  giving  theoretical  support  to  experi¬ 
mental  observations  of  dynamic  stall,  it  should  be 


Fig.  3.  Conputed  results  for  the  oscillating  airfoil,  A  =  -1/2,  ut  =  0.1.  (a)  Displacement  thickness 

(b)  Displacement  velocity,  d/dr.  (ue**).  (c)  Wall  shear  parameter,  f^. 


treated  with  some  caution.  Boundary-layer  singu¬ 
larities  have  been  the  subject  of  much  controversy 
in  recent  years  and  it  is  clearly  important  to  make 
sure  that  any  irregularities  in  a  conputed  solution 
are  not  creatures  of  the  numerical  method  used, 
tie ,  however,  feel  confident  that  the  calculations 
reported  here  are  accurate  and  that  the  singularity 
is  real. 

Figure  3a  shows  that  the  variation  of  the  dis¬ 
placement  thickness 


is  generally  smooth  except  in  the  neighborhood  of 
r.  *  ‘-.12  and  for  7t]  «  308.75°.  The  first  sign  of 
irregularity  is  the  steepening  of  the.  slope  of 
when  t]  «  300°.  A  local  maximum  of  '*  occurs  at 
r  »  2.12  when  >t]  «  308.75°.  When  the  same  results 
are  plotted  for  a  displacement  velocity,  (d/dr) 
(ue-*),  (Fig.  3b).  we  observe  that  the  steepening  of 
the  displacement  velocity  near  r  =2.12  is  dramatic. 
For  example,  for  ' t]  «  300°,  the  peak  is  at  r.  * 
2.125,  for  "ti  =  305°,  it  is  at  r  -  2.105,  for 
_t]  *  307.5°,  it  is  at  r  =  2.09  and  finally  for 
t|  »  308.75°,  the  peak  moves  to  r.  ■  2.08.  It 
should  be  noted  that  the  maximum  value  of  displace¬ 
ment  velocity  moves  towards  the  separation  point 
with  increasing  ”"t 7 ;  the  same  behavior  will  be 
shown  to  occur  for  the  circular  cylinder  discussed 
below. 

As  shown  in  Fig.  3c,  the  wall  she^r  parameter 
f«  shows  no  signs  of  irregularity  for  .t]  308.75° 

but  a  deep  minimum  in  f*  occurs  near  r  ■  2.15,  i.e. 
near  the  peak  of  •’*. 

•t  is  interesting  and  useful  to  conpare  the 
results  presented  in  Fig.  3  for  an  oscillating  air¬ 
foil  with  those  obtained  for  a  circular  cylinder 
started  impulsively  from  rest.  rhis  comparison 


lends  support  to  the  accuracy  of  the  present  calc¬ 
ulation  method  and  at  the  same  time  enables  us  to 
compare  the  characteristics  of  two  distinctly  dif¬ 
ferent  unsteady  flows  near  the  singularity  loca¬ 
tion.  The  circular  cylinder  problem  has  been  ex¬ 
tensively  studied  as  reported  in  Refs.  11  and  12 
and  the  present  results  shown  below  are  in  close 
agreement  with  those  of  previous  authors,  but  with 
subtle  differences  which  may  have  important  impli¬ 
cations. 

Figure  4  shows  the  results  obtained  by  Cebeci: 
for  the  circular  cylinder  problem.  As  in  the  case 
of  the  oscillating  airfoil,  the  flow  separates  and 
remains  smooth  up  to  the  separation  point.  How¬ 
ever,  just  downstream  of  separation  with  increasing 
time,  a  singularity  develops  in  the  neighborhood 
of  n  «  112°  and  t  =  3.0  and  it  was  not  possible  to 
continue  the  boundary- layer  calculations  beyond 
this  time  and  angular  location.  From  Fig.  4a  we 
see  that  while  the  variation  of  displacement  thick¬ 
ness  is  smooth  for  values  of  a  less  tnan  108°,  it 
begins  to  steepen  dramatically  thereafter.  The 
same  results  are  plotted  in  Fig.  4b  to  demonstrate 
that,  as  in  Fig.  3b,  the  displacement  velocity 
exhibits  a  maximum  which  increases  rapidly  with 
time.  Again  the  maximum  shift  towards  the  location 
of  separation  with  increasing  time. 

The  results  of  local  skin-friction  coefficient 
calculations  in  Fig.  4c  follow  similar  trends  to 
those  obtained  for  the  oscillating  airfoil.  In 
both  cases,  the  distributions  pass  through  zero 
with  no  signs  of  irregularity  and  do  not  exhibit 
any  breakdown  before  the  time  corresponding  to  the 
singularity. 

The  very  careful  calculations  of  van  Domnelen 
and  Shen  are  reproduced  on  Figures  5  and  8  for  dis¬ 
placement  thickness  and  velocity  profiles,  respec¬ 
tively.  ^e  corresponding  displacement  thickness 
results  of  Cebecr  together  with  the  new  calcu¬ 
lations  of  the  velocity  profiles  are  reproduced  for 


Fig.  4.  Computed  results  of  Cebecr  for  the  circular  cylinder,  (a)  Displacement  thickness 
(b)  Displacement  velocity,  d/d°(uec*).  (c)  Wall  shear  parameter,  f*. 


comparison  purposes.  As  can  be  seen  from  Fig.  5, 
the  agreement  between  the  sets  of  calculations  for 
three  values  of  t  =  2,  2.5  and  2.75  is  excellent. 

The  velocity  profiles  of  Fig.  6a,  which  correspond 
to  a  time  t  =  2.75  as  in  Fig.  5,  are  also  in  excel¬ 
lent  agreement  for  various  angular  locations.  In 
contrast,  the  calculated  velocity  profiles  of  van 
Donmelen  and  Shen1 3  at  t  =  2.984375  show  differences 
from  the  present  results  obtained  at  t  =  2.9875. 

The  figure  confirms  the  expected  close  agreement 
of  the  two  sets  of  results  at  the  two  smallest 
angular  locations,  but  significant  differences  at 
the  two  highest  values.  The  trend  is  different  in 
that  the  present  results  show  that  the  location  and 
the  magnitude  of  the  maximum  negative  velocity  in¬ 
creases  with  angular  location.  Also  the  tendency 
for  flattening  of  the  velocity  profiles  in  the 
vicinity  of  the  singularity  is  not  confirmed  by 
the  present  results. 

Figure  7  shows  the  velocity  profiles  obtained 
by  Cebeci2  for  two  values  of  t  as  a  function  of 
angular  location.  It  is  clear  that  the  magnitude 
of  negative  velocity  increases  with  angular  loca¬ 
tion  and  suggests  that  as  the  singularity  is 
approached,  tne  magnitude  of  the  negative  velocity 
will  tend  to  infinity. 

Figure  8  allows  comparison  of  the  displacement 
velocities  obtained  by  Cowley3  and  by  the  present 
method  for  four  values  of  time.  He  would  expect, 
from  the  previous  comparisons  that  the  two  sets  of 
results  would  be  in  close  accord  at  least  for  times 


Fig.  7.  Computed  velocity  profiles  for  the  circu 
lar  cylinder  according  to  the  calculations  of 
Cebeci''.  (a)  t  »  2.5,  (b)  t  «  3.7*.  («  is  in 

radians. ) 


up  to  2.75.  The  figure  shows  the  expected  close 
agreement  until  the  maximum  value  is  approached. 

The  discrepancies  apparent  at  higher  values  of  9 
cannot  readily  be  explained,  and  it  should  be  noted 
that  the  location  and  time  of  singularity  occur  at 
different  values  of  9;  the  results  of  Cowley  and 
van  Dommelen  and  Shen  appear  to  agree  in  this 
respect.  The  reasons  for  these  discrepancies  are 
presently  under  investigation. 

4.0  Effect  of  Interaction  on  the  Singularity 

The  interaction  procedure  discussed  in  Section 
3  has  been  applied  to  the  flow  problem  previously 
examined  in  Section  4  with  the  standard  method. 

The  results  are  shown  in  Fig.  9  and  are  discussed 
below.  In  contrast  to  the  standard  problem  which 
makes  the  implicit  assumption  of  infinite  Reynolds 
number,  the  interaction  requires  the  specification 
of  a  finite  Reynolds  number.  In  addition,  a  thick¬ 
ness  ratio  t  has  to  be  specified  and,  since  the 
definition  of  c  involves  R  and  x,  the  calculations 
are  performed  for  a  specific  value  of  c,  (=  4.5  x 
10*3)  for  the  present  results.  Other  values  of  e 
are  being  examined  to  determine  the  effect  of  com¬ 
binations  of  Reynolds  number  and  thickness  ratio. 

The  present  calculations  were  performed_in  the 
following  way.  For  all  values  of  time  with  wti 
ranging  from  0  to  360°,  the  standard  method  with 
the  leading-edge  region  procedure  of  Section  3  was 
used  to  generate  the  initial  conditions  at  a  short 
distance  from  the  leading  edge,  F  =  0.5.  With  __ 
these  initial  conditions  and  for  each  value  of  “t], 
the  inverse  method  was  used  to  calculate  the  un¬ 
steady  flow  from  T  =  0.5  to  r  =  5.5,  for  the  spec¬ 
ified  value  of  c .  Since  the  system  of  equations  is 
now  elliptic,  several  sweeps  in  the  '-direction  were 
necessary  to  achieve  a  converged  solution.  Where 
flow  reversal  was  encountered,  as  happens  for  val¬ 
ues  of  .jtj  >  270°  and  r  >  2,  up  to  three  sweeps  are 
required;  where  separation  did  not  exist,  a  single 
sweep  was  sufficient.  It  is  to  be  expected  that 
the  value  of  r  will  influence  the  number  of  sweeps 
and,  since  it  is  linked  to  physical  parameters, 
will  affect  the  singularity  and  the  size  of  the 
bubble. 

Figure  9a  shows  the  variation  of  displacement 
thickness  and  Fig.  9b  the  wall  shear  parameter 
fj  as  a  function  of  nondinensional  distance  r  and 
time.  It  is  evident  that  for  values  of  '  <  2.5,  the 
solutions  are  well  behaved.  As  expected,  the  displace¬ 
ment  thickness  increases  with  \_for  all  values 
of  time  and  reaches  a  maximum  around  1 7  *  300°  as 
a  consequence  of  the  change  in  the  angle  of  attack. 

In  the  same  range  of  r,  tse  shear  stress  parameter 
decreases  for  all  values  of  t]  and  reaches  a 
minimum  corresponding  to  the  maximum  in  displace¬ 
ment  thickness. 

For  values  of  r  •  2.5±  the  solutions  remain 
well  behaved  until  around  t]  «  290°.  The  general 
trends  are  in  accord  with  the  expectations  and 
there  is  negligible  difference  between  the  results 
obtained  with  the  standard  and  interactive  methods 
for  values  of  ”t]  up  to  the  maximum  for  which  the 
standard  method  allowed  solutions.  The  wiggles 
apparent  in  the  solutions  for  high  values  of  ~t] 
remain  to  he  explained.  In  particular,  the  influ¬ 
ence  of  numerical  parameters  such  as  and  ’t] 
spacino  together  with  the  assigned  value  of  need 
to  be  systematically  explored.  Nevertheless,  it 
is  important  to  note  that  the  singularity  no  longer 


Fig.  3.  Comparison  between  the  displacement  velocity  values  obtained  by  Cowley3  (solid  lines)  and  by 
the  present  method  (dashed  lines)for  the  circular  cylinder,  (a)  t  =  2.5,  (b)  t  =  2.6,  (c)  t  =  2.7,  (d) 
t  =  2.S. 
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Fig.  Q.  Effect  of  interaction  on  the  variation  of  (a)  displacement  thickness  r#,  (b)  wall  shear  param¬ 
eter  f*  for  an  oscillating  airfoil  with  r  «  4.5  x  10”*.  Solid  lines  in  the  insert  represent  the  results 
obtained  by  the  standard  method  and  dashed  lines  those  by  the  inverse  method. 


exists  and,  in  contrast  to  the  standard  method  which 
allowed  the  solutions  to  be  performed  up  to  .tj  ■ 
?0R.35°,  the  calculations  with  the  inverse  method 
were  performed  for  a  complete  cycle.  It  is  also 
important  to  note  that  the  chosen  value  of  *  im¬ 
plies  a  high  Reynolds  number  (-10fi)  for  a  thick¬ 
ness  ratio  of  '  ■  0.1.  Since  typical  leading- 
edge  bubbles  are  associated  with  lower  values  of 
Reynolds  number,  we  expect  that  interactive  calcu¬ 
lations  can  be  performed  over  a  wide  range  of  angle 
of  attack  without  problems  associated  with  the 
singular ity. 
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Abstract 

Steady  and  unsteady  velocity  components  over  a  backward-f acing  circular  arc  are  measured  by  Laser 
Doppler  Velocimetry.  A  periodic  disturbance  Is  added  to  the  mean  flow  and  the  response  of  unsteady 
separation  is  investigated.  Special  attention  is  given  to  the  distribution  and  the  flux  of  vorticity. 


1 .  Introduction 

Aerodynami cists  are  interested  in  tne  pheno¬ 
menon  of  separation  because  it  controls  the  behav¬ 
ior  of  separated  flows  and  therefore  the  loading 
of  airfoils  and  phenomena  like  steady  or  unsteady 
stall.  The  study  of  unsteady  separation  has  gen¬ 
erated  some  controversies,  mostly  because  of  the 
widely  varied  tools  of  investigation  and  quite 
often  because  of  confusing  terminology.  The  sig¬ 
nificance  of  the  phenomenon  lies  in  its  interac¬ 
tion  with  the  entire  flow  field.  Its  local  pro¬ 
perties  may  explain  the  detailed  structure  of  the 
‘low  but  these  should  only  be  viewed  as  a  step 
towarjs  tne  understanding  and  eventually  predic¬ 
tion  of  the  global  effects.  In  this  paper  we  dis¬ 
cuss  our  initial  experimental  efforts  in  this 
direction.  We  study  how  the  vorticity  generated 
in  the  boundary  layer  is  convected  and  sned  in  the 
free  stream.  Moreover,  we  are  interested  in  the 
interaction  of  tne  separated  free-shear  layer  witn 
tne  dead  water  and  the  rigid  wall. 

Experimental  work  on  unsteady  separation  nas 
been  initiated  in  the  past  faw  decades  following 
tie  pioneering  work  of  Sears  , ^Mooret  and  2ottj. 

experimental  worn  of  Vidal*  and  Ludwig5  per¬ 
tains  only. to  steady  flow,  and  the  work  of  Despa rd 
and  Miller5  is  confined  to  high  frequency  oscilla¬ 
tory  flow.  Dur  xnowledge  at  tne  beginning  of  the 
1‘i/O’s  abojt  this  complex  phenomenon  was  therefore 
remarxably  narrow  and  seriously  in  need  of  nore 
intensive  experimental  investigation.  Some  pro¬ 
gress  was  achieved  by  methods  of  flow  visual iza- 
tnn  and  by  hot-wire  anemometer  techniques.  Such 
ie;iods  na^e  alr-ady  been  employed  bv  Scnraub  et 
a!  .  WeM^  Rutter,  Nagib  and  Fejer"  and 
McHrys* ey 1  to  stidy  unsteady  viscous  'low  pheno- 
iena,  but  the  specific  cases  considered  and  the 
seal  i  of  tne  models  were  designed  for  a  stidy  of 
the  wnole  ''ow  'iell.  In  all  these  studies  tne 
lounjar/  layers  wer>.*  si  tnin  that  it  was  essen¬ 
tially  ivpossmle  to  study  tne  features  of  the  un¬ 
steady  boundary-1 ayer  and  in  particular,  separa¬ 
tion.  In, 4  nos t  recent  effort  Carr,  McAlister 
‘fo>os*  ey* 1  enp  •  bye!  a  variety  of  sensing  devices, 
ran;ng  'ron  'low  visual ization  net nods  (tufts, 

>  <v»e)  t  j  pressure  or  velocity  measuring  .methods 
■’pressure  tr  ansducers ,  not  wire  anemometers,  etc.) 
to  stidy  tne  phenomenon  of  insteady  Stall.  In 
tms  >tu Jy  p^issure  and  velocity  signatures 
tnrj-gho^t  a  oer:  jd  o'  )\c»llatiO'’  a'*  given  for 
dlf'erent  stations  on  the  airfoil  a-i.l  co*,par«*J 
wt  n  flow  vi  ,ua  1 5  rati  on  data. 

*he  prevent  ;*"Oup  attempted  to  j«aiine  rjr«* 

;!  use’*/  tne  :a.*e!iJt«*  net gnbornood  o*  unsteady 
'  n'-ii'’  separation.  Ii  thy  1^'st  phase  the 
<  or.  ( Tel  \  0ri  ‘  i  ml  ko'onl  \  »s  * " .  »  r  >  m  i  1  * '  an! 
fiMoi  \jft '  evha»i  s  <as  j’  ve«  to  t**e  :  u  a  i  it  iti  .»• 


aspects  of  the  flow.  This  was  accomplished  by 
flow  visualization  methods  and  water-glycerin  mix¬ 
tures  to  achieve  thick  boundary  layers  with  not  so 
small  velocities.  Steady  flows  over  moving  sur¬ 
faces  were  first  examined  in  an  open  channel. 
Unsteady  effects,  transient  and  oscilatory  were 
later  conducted  in  a  closed  water  tunnel  designed 
and  constructed  for  this  purpose,  with  two  differ¬ 
ent  systems  of  pressure  disturbance  generators. 

More  recently,  Mezaris  and  Telionis^ 
obtained  detailed  LDV  measurements  over  a  rearward 
facing  circular  arc.  In  the  work  of  Ref.  14, 
unsteadiness  is  introduced  by  a  'lap  pulsating 
over  the  circular  arc.  Tne  model  employed  in  the 
present  study  is  the  same  with  the  model  of 
Mezaris  and  Telionis  and  will  be  described  in  the 
main  body  of  the  paper. 

It  is  well  xnown  that  tne  amplitude  ratio  is 
scaled  for  a  flat  plate  by  tne  frequency  parameter 
k  *  -ax/U^,  where  *,x  and  U ^  are  tne  frequency,  the 
distance  along  tne  wall  and  tpe  frce  stream  velo¬ 
city  respectively  (Lighthili  ).  Rith  increasing 
x,  or  equivalently  the  amplitude  profiles  have 
been  proved  analytically  and  experimental ly 
(Telionis15)  to  nave  smaller  overshoots  wnicn 
approach  the  wall.  The  oscillatory  part  of  tne 
'low  tends  to  become  plug  Mow  an-i  the  Stokes 
layer  is  confined  closer  <jnd  closer  to  tne  wall. 
This  is  not  the  case  if  tne  adverse  pressure  grad¬ 
ient  increases  witn  x  (rxef.  14).  In  fact,  tne 
dita  of  Mezaris  and  Telionis*4  indicate  ove-shoots 
about  ID  times  1 arger  than  tne  amplitude  )f  the 
outer  'low. 

In  the  present  paper  we  introduce  the  distur¬ 
bance  in  the  oncoming  st-ean  r^ner  than  through  a 
pu’ sating  Mao.  4e  tnen  examine  nore  carefully 
tne  flow  in  the  vicinity  )f  separation  by  j  ure 
powerful  data  acquisition  system  which  permts 
'requency  donain  analysis  as  wet’  is  rou”ier 
series  expansions  )f  ail  vav*  for  is.  Moreove-, 
the  vorticity  Mel  i  is  eiamtnel  care'vl’*.  whit 
is  uni  jue  about  the  prjblen  cx'siJered  he«**  is 
that  the  effects  being  stubieJ  are  i^e  exclusively 
to  viscosity.  It  is  well  »now?i  that  seoantij'* 
an  1  the  waxe  formation  process  is  independent  J' 
the  level  a f  the  outer  velocity  for  a  good  'jn;e 
of  the  Reynol  J-.  nunber.  in  )th?r  as  ’on; 

as  the  geo  set r?  of  the  S  )! 1  1  body  r>!  hence  the 
potential  M  >w  does  ot  change,  the  ’  ication  jf 
separation  *j  fuel.  In  our  'or  jl!  sieid^ 

cases  cor*- *s,»on  !' ng  to  t  nsta  ftuneouS  va’.es  o'  t*'e 
free  Stream,  ’he  'lows  a"?  IJe^ttCa'.  ►’rrt  j j*c 
response  j*  the  wa*e  U  then  e «  . '  i  s  *.  (  \  ' 

<:*c jus  «"ects.  'v  »  *s  ut  tnr  ctv*  *n  M  o«s 
a.-er  ut.im;  alkali*,,  s  i  -i  •  t>  <*un  .n;V  o* 
ittaC*  C'jr-ev^  jn..J  .•it  i'r’,  f''er.-it  M  Ow  J\. 


i j.  I  The  VP  1  water  tunnel  showing  tne  recent  nodi  float  ions :  (a)  A  rotating  vane  driven  by  a  variable 
speed  noter  and  (b)  a  by-pass  system  with  a  control  valve. 


2.  facilities  and  tne  Model 

To  conduct  tne  research  reported  in  inis 
paper,  soie  modifications  and  additions  were 
ner*ssary.  Tne  basic  tnsx  was  to  convert  tne  tun¬ 
nel  to  an  unsteady  water  tunnei.  Disturbances 
ue'*.*  introduced  upstream  of  tne  settling  chamber 
by  .1  rjtating  vane  (rig.  !  ).  for  the  past  5 
years,  our  experimental  work  on  unsteady  aerody¬ 
namics  was  performed  with  a  steady  stream.  Un¬ 
it  Mdi  ness  was  introduced  by  dynamic  notion  of  tne 
miel  or  part  of  it.  Modifications  were  proposed 
an  i  carried  out  to  convert  tne  tjnnel  to  an  oscil¬ 
lating  tunnel.  Tnis,  of  course,  required  extra 
■aborts  to  reduce  the  turbulence  in  tne  tunnel  and 
r#c a t  i orate  the  facility.  To  control  the  nean 
flow,  i  rotating  vane  was  installed  immediately 
ab ive  the  test  section  is  shown  in  fig,  1,  This 
vine  w.is  coupled  to  a  HELlEK  OC  motor  witn  vari¬ 
able  Speed  control.  The  unit  controls  automati¬ 
cally  tne  speed  to  -ftnirt  ♦  D.51  of  tne  set  value, 
it  is  a i so  equipped  with  an  optical  encoder  *Mch 
can  be  interfaced  di-ec?!/  with  the  laboratory 
coniuter . 

A  very  significant  factor  n  studies  of 
insteaJy  oerylynawii  cs  ?>  the  amplitude  of  oscfla- 
tt:*r.  To  tne  knowledge  of  the  present  authors,  in 
ail  facilities  empTo/lm g  so.*e  sechanical  method 
*  )r  cant**)!  of  tne  #regu<ncy  oscillation,  *he 
aV'it'Jit*  rnis  up  being  a  'unction  >f  tne  fre- 
Iviemcy.  A  separate  system  t*  necessary  if  one 
tecires  to  control  independently  both  the  impll- 
;  ;ie  iM  tne  ‘-e^uency  of  the  oictilatf-y.  In  cu r 
,  »s<*  tut  <as  accomplished  by  a  by-pass  pipe  and  a 
by -pass  valve  i.  shown  in  ' :  1.  The  position  .if 

this  valve  controls  the  efficiency  u?  the  nta'in; 
vane.  ".ha'tS  of  the  performance  of  the**?  >ntr;>;<; 
have  been  ..instructed  and  «i!T  be  tni’j-dw!  ij  j-» 
enqi  je^rr  i-  report  ,<f.  «?]. 


Any  periodicity  externally  added  to  a  tunnel 
generates  free-stream  turbulence.  Many  existing 
unsteady  flow  facilities  operate  with  turbulence 
levels  of  the  order  of  11,  Careful  studies 
require  much  lower  turbulence  levels.  To  guiet 
the  flow  in  our  tunnel  we.itudied  the  literature 
on  honeycombs  and  screens 13’  1  and  contacted  per¬ 
sonally  an  expert  in  the  field  (Nagibt  ).  As  a 
result  of  our  investigations,  we  installed  in  the 
settling  chamber  a  second  set  of  finer  honeycombs 
and  !>  sets  of  fine  screens. 

Typical  "esults  are  shown  in  Tables  1  anj  2, 
obtained  with  an  LOV  tracker  and  counter  respec¬ 
tively.  In  this  table,  the  tmnel  speed  and  the 
by -pass  valve  are  controlled  independently.  It  is 
surprising  that  tne  by-pass  system  influences 
greatly  the  turbulence  level,  even  thougn  it  <s 
far  jpstream  o*  the  test  section.  We  haw  also 
performed  ah  exhaustive  study  of  turbulence  fre¬ 
quency  spectra  examples  of  wnicn  are  included  in 
«ef.  16. 

The  acceleration  and  -ie  :•*!  erat )  j*  of  large 
masses  of  eater  induce  fluctuation*  jf  pressure 
that  nay  e*;:**ed  the  Strength  of  the  plexiglass 
structure.  Moreover ,  the  efficient  operation  jf 
nytrogen  bubbles  require  pressure  levels  iovr 
than  the  atmosphere,  ’o  control  tne  pressure 
level  in  the  tunnel,  we  have  installed  a  water 
trap  jind  piping  which  connects  tr,e  systen  to  t 
vacuum  pump, 

E*pe-*i  sents  xre  conducted  on  3  similar 

to  the  motel  of  M<*.*a-*s  nj  ’e  1 1  on  *■  s  ;  A  conver¬ 
gence  of  the  t-*st  section  le*-.!*  tie  f )  a*  between 
two  Slightly  diverging  <’it  pi  if es  to  account  f u- 
the  two  jrjrft-ig  b>>^n*a'-,  1  .  At  the  rn»«-ance 

if  the  j*Wrr  jemce,  ’.hr  boundary  ’  iy--S  growing  .jn 

tne  walls  of  the  tunnel  *r-  Sue  Vw  hiunia-y 

Star-  de.w*  3  7  *  ng  jr>  th?  portion  3*  the 

h  >«!**! .  A  very  shjry  JtvtvKV  lOW-V,  t  ream  ■*  \  v 
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"able  1  :  Tie  nfrect  of  tie  bypass  system  and  tie  tunnel  speed  on  tie  turbulence  <eve!.  Tip  speed  of  tie 
tjnnel  is  represented  by  tie  speed  of  tie  driving  pump  in  control  system  values  «1'cn  correspond  here 
"ougity  to  speeds  of  jp  to  3m/sec.  In  tne  vertical  celunns  '-j  is  tie  mean  Doppler  frequency,  RMS  is  tie 
root  nean  square  of  tie  signal  and  T'J  is  tie  turbulence  level.  Tie  by-pass  opening  is  also  marked  in 
vilies  of  tne  control  system.  Tie  starred  rj«<s  correspond  to  tests  rfitn  no  e<tra  honeycomo  at  the 
entrance  of  the  test  section.  Data  *ere  obtained  with  a  )ISA  tracker,  "its  instrument  displays  large 
n  screpannes  if  tne  reading  is  not  .litim  a  narrow  band  of  tie  scale.  The  readings  marked  by  a  letter 
uere  repeated  vitn  a  different  scale  and  resulted  in  the  following  val  jes  of  the  turbulence  level:  'a) 

"!  *  O.bot,  (b)  RMS  *  lb  W.  {:)  T'J  -  10. 8t.  (I)  RMS  *  12  mV,  (e)  TJ  =  0.5X,  (f)  RMS  -  ’5  nV ,  (g)  TJ  . 
\n3t. 


y  PjSS  ■*/  "*ass  ny  PjsS  By  P3SS 

I’osed  at  it  ’•  lp»n 

Speed  RMS  '  'o  -M;  'j  to  vM  'j  ?o  RMS  "U 

0'  Pump  (kHz)  .mV'  *.  *  i  -1.- ’  -i.M  ♦  ' .  w; >  -/  l  ' » H;  '~V' 

f»*9'  n*J  n*4 

3M'  v  *  1 .  o  1  ’  '\*i.442i 

d.s  o'  : :  i.:-  ••  ■»  40  is  1.03  44  is  1.14 


convergence,  the  boundary  layer  deve’opes  like.^ 
flat  plate  31  as i us  layer  (Mezaris  and  Tel  1 onl s ) . 
further  downstream,  tne  top  surface  Ji verges  to 
generate  a  region  of  adverse  pressure  gradient, 
How€ver,  the  bottom  plate  Is  continued  further 
downstream.  In  this  way  the  separated  region  is 
not  affected  by  mirror  image  separation.  It  is 
recalled  that  flows  about  symmetric  bodies,  as  for 
example  a  circular  cylinder  are  controlled  by  the 
Interaction  of  two  shear  layers  with  opposite 
s i jos  of  vorticity,  which  eventually  results  into 
periodic  shedding  of  large  scale  vortices.  The 
situation  is  different  in  tne  case  of  an  airfoil 
it  an  angle  jf  attack,  whereby  the  separating  flow 
over  tne  suction  side  develops  with  little  or  no 
influence  of  the  trailing  edge  vorticity.  This  s 
exactly  the  situation  which  is  simulated  by  our 
'•ig.  Measurements  are  conducted  on  the  diverging 
section  which  has  the  shape  of  a  circular  arc  as 
shown  schematics  ly  in  Fig.  2, 


Fig.  3  ’ne  LbV  System  im  a  bac«warj  scittering 
node  showing  tne  traversing  nirrjrs. 

volume.  Tne  upper  tii-ror  together  with  tne  lens 
translites  in  the  vertical  direction  to  facilitate 
notion  of  the  •neasiring  volune  lljng  the  ---axis. 
Hetai’s  a*  the  r.irryr  tower  are  shown  1  n  Fig.  4. 

••  Si Wng  Voter 


'  ’ne  vjJel  jnd  coordinates  defining  tne 
vsn  jf  ne as  ire^ent  s . 

1 .  lnstr j  w;nt tt i on  and  data  Acquisition 

Our  plans  to  meaijre  vorticity  by  shifting 
the  means  can  be  implemented  much  easier  *m  the 
)K«.*arj  scatter  node,  iowever,  the  most  ss;n,#i- 
:jnt  advantage  jf  backward  ->citte*  is  the  conven¬ 
ience  and  precision  of  traversing  mechani sms.  A 
special  system  was  designed  and  constructed  for 
t-ivering  the  va-i^rlng  volume  via  nlrrurs.  Wi 
i  syst?-*  she/ J  ne-t  %>ne  b*sl.;  r*»gy  |  re-nents  .  (i) 

•  t  snyu’ j  •!  1 3«  <»r)  accur jtel /  controlled  d’i- 
/icments,  ft*}  it  Should  permit  the  displace- 
nm:  ,f  the  neasjring  volume  In  two  directions, 
pariil*’  and  perpenjic u  1  ir  to  in?  'low,  (ill)  It 
smjulJ  he  conical  led  dt-ecily  by  the  laboratory 
computer,  (i  v)  it  sho/d  be  fr**  of  vibrations 
i  m  2  f  1  ma '  ;  y  ,  { v  )  It  Shout  1  a '  t  jw  the  rjt-itlw 

the  be.ns  about  tn*ir  vsectu-,  n  that  c  oryonent  x 
jf  tne  velocity  in  tr .  Jlr?ct1>n  >.an  be  vas.jrrl. 

’he  System  we  designed  and  conslr-icted  >s 
»iowr  s  Chen  it  Ka  1 1/  in  fij.  3.  ’me  train  of 
optics  ‘  r«  -tovnCed  on  j  linear  trims' ator  whl  ;h 
/lows  tie  entire  System  to  mo***  t  n  the 
‘.ion.  ’he  pafille’  beams  then  reflect*!  t  <•  t  C 

*’<'oo  • -or  s  is  shown  m  tne  ‘;;ure  md  pns 

t  h-o.p  i  lens  ’ un,«-'-;e  *t  'he  nti'.u-’n; 


’nte-'hasel  witn  the  1  ib-iratory  com-puter.  1»  *m  , 
way  steps  is  sna  f '  as  1  mn  ;a*  n«*  i  oVv*<itf } 
elS *  ’ y .  fgreJve-,  successive  steps  .»  and  *  **r« 
nay  displace  ’he  measuring  .nlvme  /mg  jo< 
in:  lined  str.rgnt  line,  'me  k'JV  •  g*»  i  ‘  S  we 
Cess  new  with  Counters.  .\,f  two  savitv-i  j-p 

•'.sloped  with  1  n4S*pr  jo  J  i  s  ’  a  V  »  ’  t  e  '  *  v  i.  e 

-?s  oect  i  vrly  t  0  a  '  >  >#  'he-  fo  ii’«  Ji  '  net  1  .  •  .» 

’  4V>  .-rit  J.'y  eny.f  ’i'i  '  S  U-j'.'--- 
advantage  of  the  pf-.--.ent  ivSten.  *“e  .  ;>•*:  i  • 
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rlJ.  6  FlOW-Chart  for  data  acquisition. 


'-dor  11  kIs  systen.  *a«  and  reduced  Jitj  ire  pp«- 
vontel  plotted  ov< a  portion  of  tne  circular  arc 
Jrjrin  to  scale.  At  tent  <  on  is  focused  on  me 

between  *  *  Jo  mi  -n ,  downstream  -of  tie 
j-ijtn.  Profit’s  ir*  -plotU-  against  t  y  coorMn- 
St-*tChed  by  a  factor  of  S  with  respect  to  the 
t-coorMoite.  X)1  Quantities  plotted  arc  reduced 
''y  the  v|l  ie  <  )rr« iojndl  03  tj  me  njuitivn  y  it  m* 
Mr»t  station.  MI  m*  raw  »ata  are  available  on 
’.i-K  '  jr  i n vest 1  ;it  or  wh)  rioul  1  _ar< .  to 

request 


evidence  wes  presented  n  Ref.  M  mat,  even 
for  steady  Mow,  the  boundary  layer  renal  «u 
attached  #or  some  distance  beyond  me  point  of 
s»  in  friction.  Our  present  1  nvestl  )iti on  seen*  to 
Corroborate  mis  finding  at  Jo<ur»ented  in  H  3.  3. 
In  this  M^ure  w*  display  rhe  turbulence  ’evel 
nraftlet  reduced  by  the  * r*e-stm*n  turbulence. 

The  turbulence  level  apparently  stay*  low  and  in 
'*Ct  lecreaie*  <u  the  *na‘l  r eu.  m:ul  at  i  n  j  "ejljn 
■  hiCh  eatendS  'row  me  point  J *  Cer- j  \ijn  f^l.tlkn 
at  t  -  SVm  until  »  *  .’!>n. 


’fie  LDy  sl;n.flt  w*r#  averaged  over  13  sa-nplcs 
’  s  woth  out  the  sail*.  amount*  of  Hydrodynamic 
•>  1  M*ctrx>s<  hoiie.  For  a  speed  of  Ibcm/sec, 
b?  velocity  prof  Met  af  the  u-component  of  the 
*1  Kit/  are  displayed  in  flj.  7.  It  was  esti- 
Ited  that  the  paint  of  »*ero  \f  1  n  f-lct'on  for 
■tU  .ate  U  appro »f  lately  at  *  *  SS-n.  A  jood 
uibcr  i*  downsfean  stations  were  no*  obtained 
ey->n4  teparatiO'i  at  tbOien  »n  tniv  '^jure.  Tbit 
t\  -.ottlble  uniy  aitn  tniftm^  o#  the  Doppler 

vbl  .i  *a*.  not  tuCv^i'.*  vlci  the  1-ti 


Unsteady  data  e«*e  obtamed  fur  a  Jr 
frepuency  of  0..'  Hx.  X  t *  1  fryr!  t be  r 
vane  rial  uied  to  provide  a  fjr  *n 
4verai;in;  of  the  data.  Inf or«ua!  1 0*  obtai 
mis  eay  Stored  me  furn  pf  eavef: 
evjbple  U  -.no«n  in  5  t  Tbaie  uavef: 


e*jr.pse  I  s  nhOri 
Fourier  analyse 
the  aneplitudei 


Id  >enerit.‘  *.*»<«  %ean  va' 
all  nar-sor'.^  at  «ach  : 


u«  v  ^  ..: 


profiles  of  tne  u-co-nponent  of  the  velocity,  mean 
and  amplitudes  respectively. 


\  y  ff 
\  \>U 

sT'C  4  v$V/ 


Fig.  9  Selected  velocity  wavefjris  at  *  =  50mm. 
F^ont  to  bac<  corrpsond  to  j  =  6,  5.2,  4.8,  4.2, 
i.8  and  2.8mn. 


‘  •  -Mi>!  t urb »  '»*vel  profiles  at 

stations  t  *  3'>m  to  3 Om . 

where  }(<,/t)  is  any  neasjred  velocity  component, 
"he  amp  1 1 1 jdes  of  nijner  harmonics  for  tne  j-co*i- 
ponent  prove  1  to  be  not  more  than  5^  of  tie  ampli- 
tjle  of  tne  'irst  namonic  wnicn  is  an  indication 
tnat  tne  waveforns  are  nearly  sinusoidal.  Hov- 
ever,  our  Jabs  contain  a  lot  more  information 
-nicn  can  be  retrieved  later  if  necessary.  !n 
tnis  paper  we  will  refer  to  -iq  and  1, 

2~ 

>  .  ;  .  ~j.,  as  tne  oean  anc  tne  amplitude  of  * 
|oantity*f’ei:)ecti  vely.  in  Figs.  ID  anl  ’.1  we  u’jt 


rig.  10  Reduced  mean  velocity  profiles  at 
stations  «,  *  40  througn  HOnm. 


Instantaneous  profiles  at  each  station  and 
for  any  of  tne  pnase  points  fpr  which  data  are 
stored  nave  Deen  plotted  and  studied.  4e  selected 
to  display  nere  in  Fig.  12  sixteen  profiles 
ejuispaced  within  a  period  at  tne  first  jpstream 
station,  <  *  45rr-.,  it  wnicn  tne  point  of  :ero  s*ir 
friction  vanishes.  At  tnis  station,  tne  skin 
friction  is  always  positive  and  its  minium  value 
is  zero.  Another  station  of  significance  for  tne 
variation  of  zero  s<in  frictijo  is  the  location  at 


which  tne  skin  friction  Is  always  negative  but  its 
naonun  is  equal  to  zero.  Tnis  occjrs  approxi¬ 
mately  at  tne  station,  x  «  65nm  (Fig,  13).  Inci- 
tientally,  according  to  tne  definition  of  Oespard 
nd  Miller”,  tnis  is  tne  location  of  separation. 
However,  tnis  is  vilid  for  nigh  enough  frequencies 
fjr  which  tne  point  of  separation  does  not  respond 
to  thv  periodic  fluctuations  of  the  velocity. 


To  deter  nine  tne  nornal  component  )f  tne 
velocity,  the  component  in  a  direction  ’nc lined  by 
with  respect  to  tne  x-axis,  say  j’,  was  nea- 
Surel.  *.n  te"  is  )f  i  u*d  o'  then  the  ror-|]  com- 


ponent  v  can  be  calculated  by  a  simple  algebraic 
formula. 


Fig.  12  Velocity  profiles  at  x  =  45min  for  15 
values  of  the  period. 


rig.  13  Velocity  profiles  at  x  *  65mn  for  15 
values  of  the  period. 


'ig.  11  deduced  velocity  amplitude  profiles  at 
stations  <  a  40  througn  SOnm. 

Of  great  interest  for  separating  flows  is  the 
nenj/ior  of  lisp  la cement  thickness.  In  a  large 
njvoer  of  unsteady  separation  problj-ns  studied  so 
*ar  by  other  investigators,  trie  separated  region 
is  confined  in  the  a* i a  1  direction.  4s  a  result, 
the  lisplacement  thickness  goes  through  a  maximum 
vut  tnen  drops  again.  In  our  case  the  displace- 
nent  thickness  grows  continuously  with  the  axial 
distance,  until  it  beeves  meaningless  to  define 
sich  a  quantity.  The  waveforms  of  the  displace- 
nent  tnicuiess  for  the  stations  x  =  4l>n  to  we 
snow  in  Fig.  14.  For  the  first  station  this  guan- 
tity  is  about  HO  out  )f  phase  witn  toe  free 


rig.  14  The  waveforms  of  Ji spl acenent  thickness. 
The  symbols  0,0,  * ,  ♦,  x ,  ^  ,  jt  correspond 

to  stations  9  through  '3  in  this  order.  Tne 
period  of  oscillation  is  5  sec. 


stream.  This  is  the  well  known  property  of  boun¬ 
dary  layers  whereby  outer  flow  decelerations 
result  in  thickening  of  the  boundary  layer.  How¬ 
ever,  further  downstream  a  peculiar  behavior  is 
observed.  The  minimum  of  the  displacement  thick¬ 
ness  shifts  upstream  to  about  the  quarter  point  of 
the  period  until  x  =  45mm.  Downstream  of  tnis 
station  the  minimum  and  therefore  the  entire  wave¬ 
form  of  tne  almost  sinusoidal  signal  shifts  again 
towards  the  midpoint  in  the  phase.  This  suggests 
tnat  the  station  x  =  45mm  is  the  origin  of  a  wave¬ 
like  phenomenon  which  propagates  periodically  in 
ooth  directions,  upstream  and  downstream.  Inci¬ 
dentally,  this  station  is  the  station  of  the 
jpper.nost  position  of  zero  skin  friction.  Tnis 
phenomenon  is  more  clearly  illustrated  in  Figs.  15 
and  15  wnere  the  displacement  tnickness  is  plotted 
versus  the  axial  distance,  with  the  period  appear¬ 
ing  as  i  parameter. 


The  Shedding  of  Vorticity 


A  classical  relationship  between  circulation, 
r,  and  vorticity,  2,  dictates  that 

r  =  ffodA  (2) 

where  A  is  the  area  contained  by  the  contour  of 
integration  of  the  circulation  integral.  Howarth 
(see  discussion  In  Ref.  24)  nas  demonstrated  that 
if  the  area  is  chosen  appropriately,  the  rate  of 
shedding  of  vortiticy  at  separation  becomes 

Hr  6 

s  J  (3) 

at  0 

which  within  the  boundary  layer  approximati on 
yields 

If  ■  1  Ue  ^ 

where  U  is  the  edge  velocity  at  separation.  This 
simple  formula  has  been  used  extensively  in  the 
literature  of  discrete  vortex  dynamics.  The 
validity  of  this  formula  and  its  possible  improve¬ 
ment  and  extension  to  unsteady  flow  is  the  topic 
of  an  on-going  investigation  at  VP  I  S  51! . 
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In  all  tne  attempts  to  calculate  tne  strength 
of  the  discrete  vortex  via  Eq.  (4),  the  position 
and  initial  velocity  of  tne  vortex  are  arbitrarily 
assigned.  The  present  group  is  working  on  an 
interactive  approach  whicn  will  allow  tne  calcula¬ 
tion  of  tnis  necessary  information.  In  the  pres¬ 
ent  paper  we  nave  made  tne  first  steps  towards 
neasuring  tne  flux  of  vorticity. 

Dur  data  have  been  employed  so  far  to  calcu¬ 
late  the  quantity  :u/oy  whirn  is  equal  to  vortic¬ 
ity  within  the  boundary-layer  approximation. 
Instantaneous  profiles  of  this  quantity  have  been 
calculated  and  are  plotted  in  Fig.  17  for  4  phases 
of  the  flow.  A  lot  more  phase  values  have  been 
plotted  but  are  omitted  here  due  to  space  limita¬ 
tions.  A  careful  inspection  of  Fig.  17  indicates 
tne  periodic  lift-off  of  the  shear  layer.  How¬ 
ever,  it  is  known  that  the  second  tern  of  vortic¬ 
ity,  tne  quantity  'v/'x  may  not  be  negligible  in 
tne  neighborhood  of  separation. 

In  the  continuation  of  our  research  we  plan 
to  calculate  tne  combined  effect  of  the  terms 
'j ' v  and  ‘v/^x.  Moreover  we  intend  to  calculate 
tne  instantaneous  moments  of  vorticity,  namely  the 
center  of  gravity  of  the  vorticity  and  the  vortic¬ 
ity  flux  which  will  generate  information  on  the 
position,  yc,  nagnitude,  Pc,  and  convective  velo¬ 
city  UC.VC  of  a  discrete  vortex  equivalent  to  tne 
total  vorticity  shed  by  the  boundary  layer.  These 
l-jdotitles  can  be  calculated  by  the  formulas 
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Fig.  1?  Vorticity  profiles  for  4  phases  of  the  periodic  oscillation.  Top  to  bottom,  T/lo,  5T/16,  91/16 
and  IJT/16. 

It  is  proposed  here  that  the  nascent  vorticies  and 
tneir  initiil  ^.otion  in  discrete  vortex  dynamics 
nouM  be  determined  in  tnis  *ay  to  eliminate  the 
arbitrary  assumption  commonly  employed  in  this 
theory.  Tne  present  authors  intend  to  calculate 
the  instantaneous  values  of  these  quantities  and 
compare  *itn  interacting  boundary-layer  calcula¬ 
tions. 

5.  Conclusions 


Tne  data  obtained  so  far  in  this  investiga¬ 
tion  and  presented  nere  display  some  important 
trends  in  tne  developing  of  unsteady  separating 
'lows.  Most  interesting  is  tne  fact  that  the 
amplitude  of  oscillations  increases  fjrtner  along 

Itn*  separating  free  shear  layer.  Vorticity  is 

therefore  guided  nay  from  tne  wall  but  it  is  pul¬ 
sating  with  a  >jch  nign-r  amplitude  than  «itmn 


the  attached  boundary  layer.  Worx  on  this  problen 
is  currently  being  continued.  More  data  are 
obtained,  but  tne  data  already  stored  and  pre¬ 
sentee  here  in  raw  form  can  be  used  to  generate 
useful  infornation.  In  an  expanded  version  of 
this  paper  *e  intend  to  present  data  on  the  Mux 
of  vorticity  and  circulation  and  Its  ultimate  fate 
once  separated  from  the  solid  boundary. 
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ABSTRACT 

-  Flow  perturbations  induced  through  dynamic 
sinusoidal  oscillations  of  an  NACA  0015,  NACA 
0012,  and  flat  plate  were  examined  across  a  wide 
range  of  test  conditions.  Phase-locked  multiple 
exposure  flow  visualization  in  conjunction  with 
corroborative  hotwire  anemometry  documented  the 
development  of  temporally  and  spatially 
synchronus  leading  and  trailing  edge  vortices 
induced  through  unsteady  flow  separation. 
Airfoil  oscillation  dynamics  directly  influenced 
vortex  initiation,  development  and  traversing 
velocities.  The  results  suggest  the  existence  of 
optimal  combinations  of  variables  for  maximizing 
both  vortex  strength  and  residence  time  over  the 
airfoil. 

INTRODUCTION 

Much  of  the  new  impetus  for  research  into 
unsteady  separated  flows  has  resulted  from  the 
potential  use  of  large  scale  vortices  for 
improving  aerodynamic  performance  (McCroskey 
1982,  si  al).  The  possible  exploitation  of  large 
scale  vortices  as  an  additional  energy  source  has 
already  been  demonstrated.  Current  research 
activities  (Carr  fii  a1.  1977,  McCroskey  it  al. 
1975)  have  shown  that  the  unsteady  lift  and 
moment  coefficients  produced  via  dynamic  airfoil 
oscillations  can  be  four  to  five  times  greater 
than  steady  state  counterparts. 

However,  before  a  realistic  utilization  of 
such  unsteady  vortical  structures  is  possible, 
many  fundamental  questions  regarding  the  physics 
of  vortex  development  in  a  temporally  dependent 
flew  field  must  be  answered.  The  dependence  of 
vortex  initiation,  development,  strength  and 
interaction  with  the  airfoil  are  required  as  a 
function  of  airfoil  geometry  and  oscillation 
dynamics  in  order  to  determine  both  the  physics 
of  development  as  well  as  defining  the  control 
and  repeatability  of  vortex  production.  The 
present  study  focuses  on  the  relations  between 
tr.e  forcing  variables  (airfoil  geometry  and 
oscil iation  dynamics)  and  the  resultant  vortex 
developmental  behavior. 

METHODS 

Experiments  were  conducted  on  an  NACA  0012, 
NACA  0015  and  flat  plate  in  the  low  turbulence  2 1 
x  2’  wind  tunnel  at  the  University  of  Colorado. 
Flow  field  measurements  were  obtain-' i  via  flow 
visualization  in  conjunction  with  hetvire 
ar.ecometry. 


A  solid  aluminum  NACA  0012  with  10"  chord,  a 
hollow-core  aluminum  NACA  0015  with  six  inch 
chord,  and  a  6-inch  and  12-inch  chord  by  0.25 
inch  thick  solid  aluminum  flat  plate  were  used 
for  the  experiment.  Stiffeners  were  placed  along 
the  span  of  the  12"  flat  plate  to  minimize 
flexing  of  the  plate  during  rapid  oscillation. 
The  airoils  were  driven  with  a  1/3  H.P.  D.C. 
motor  using  a  6  to  1  gear  reduction  connected  to 
a  variable  displacement  scotch  yoke.  Sinusoidal 
oscillation  rate  could  be  held  constant  while  the 
magnitude  of  the  oscil  Iation  angle  was  changed  by 
a  radial  bearing  adjustment  on  the  fly  wheel  of 
the  D.C.  motor.  A  rotating  potentiometer  on  the 
fly  wheel  wa3  used  to  determine  the  oscillation 
period  and  specific  airfoil  attitude  during  any 
portion  of  the  rotation  cycle. 

Flow  visualization  was  obtained  using  a 
smoke  rake  constructed  of  a  NACA  0015  airfoil 
with  1/8-inch  diameter  tubes  inserted  in  the 
trailing  edge.  The  smoke  rake  was  located  in  the 
settling  chamber  of  the  2’  x  2’  wind  tunnel  in 
order  to  minimize  disturbances  to  the  test 
section.  The  rake  could  be  moved  vertically  to 
optimize  the  position  of  the  smokelines.  Dense 
smoke  generated  from  heated  Rosco  fog  Juice  was 
stored  in  a  55-gallon  drum  and  delivered  to  the 
rake  at  modest  pressure.  The  pressure  and 
ensuing  flow  rates  were  adjusted  to  prevent  smoke 
from  being  emitted  as  a  turbulent  jet. 

Synchronization  of  data  acquisition  with  the 
arifoil  angle  during  enci.  Iation  was  accomplished 
using  a  0  to  5  veil  rump  output  from  the 
potentiometer  on  the  f.y  wheel  which  corresponded 
to  the  0  to  2- osci 1 1  at  ion  of  the  airfoil. 
Voltage  discrimination  levels  from  0  to  5  ‘'oits 
could  be  preset  or.  the  electronic  trigger.  When 
the  selected  voltage  level  was  reached,  a  pulse 
was  generated  to  trigger  both  the  stroboscopic 
lamp  for  flow  visualization  and  LSI  11/?3 
microprocessor  for  velocity  measurements.  All 
angle -dependent  data  collection  could  be 
synchronized  with  the  proper  phase  angle  of  the 
airfoil.  Synchronization  signals  were  checked 
regularly  by  stroboscopic  examination  of  airfoil 
position  relative  to  a  fixed  micrometer  scale. 

Single  and  multiple  phase  locked 
stroboscopic  (7ii  sec  duration,  point  sourc-*’ 
pictures  were  taken  of  the  flow  field,  using  a  3t 
mm  SLR  camera  and  ASA  J»00  TFI-X  film  developed  at 
ASA  300.  The  pr.ase- 1  ocked  suit. pie  exposure 
photograpr.s  highlighted  the  repetitiveness  of 


flow  field  disturbances. 


Velocity  measurements  were  made  using  a 
conventional  constant  temperature  2-needle 
hotwire  probe  constructed  of  0.0001-inch 
Wollaston  wire.  Using  various  linearizing 
circuits  referenced  elsewhere  (Francis,  et  al.f 
1978),  a  0  to  5  volt,  full  scale  output  was 
preset  for  the  velocity  of  the  mean  flow.  The 
hotwire  probe  was  mounted  on  an  orthogonally 
driven  traverse  mechanism  in  the  wind  tunnel  test 
section. 

Hotwire  data  acquisition  and  subsequent 
reduction  were  accomplished  with  an  LSI  11/23 
microprocessor.  Upon  receipt  of  the  phase-locked 
trigger  signal,  the  analog  signal  was  digitized 
and  stored  at  a  sampling  frequency  of  1000  Hz. 
Data  were  collected  over  two  complete  oscillation 
cycles  for  each  data  sample  and  ten  successive 
data  samples  runs  were  averaged. 

RESULTS 

The  unsteady  flow  field  produced  by  an 
airfoil  driven  through  sinusoidal  pitch 
oscillations  was  extremely  complex  due  to  the 
temporal  and  spatial  interdependence  on 
oscillation  dynamics.  Changes  in  any  independent 
parameters  altered  the  flow  field.  Such 
complexity  did  not  prohibit  highly  reproducible 
flow  structure  synchronized  with  the  airfoil 
oscillation.  The  most  prominent  structures  were 
the  (1)  initiation  and  growth  of  a  leading  edge 
vortex,  (2)  the  interaction  between  the  leading 
edge  vortex  and  the  upper  airfoil  surface,  and 
(3)  the  development  of  a  trailing  edge  vortex. 
These  structures  were  stable  enough  to  permit 
repeatable  visualizations  using  multiple  exposure 
photographs  and  to  permit  averaged  velocity 
histories  using  hot-wire  anemometry  when  both 
were  synchronized  with  specific  phase  angles  of 
the  oscillation  cycle.  The  initiation, 
uevelopoent,  and  shedding  characteristics  of 
these  flow  structures  were  studied  in  detail. 

The  general  patterns  of  vortex  formation 
remained  quite  constant  over  the  extensive  range 
of  test  conditions  and  airfoil  geometries 
examined.  Figure  1  depicts  the  vortex  formation 
over  an  oscillating  flat  plate.  As  the  flat 
plate  approached  the  maximum  angle  of  attack,  a 
snail  structure  was  visualized  about  the  flat 
plate  .eadir.g  edge  at  approximately  0.2  chord 
(Fig.  1A).  Further  into  the  oscillation  cycle, 
this  snail  structure  rapidly  grew  in  size  and  war 
readily  identified  as  a  leading  edge  vortex. 
Juperimposed  smoke! ines  from  successive  phase- 
locked,  multiple  exposure  photographs  attested  to 
the  reproducible  appearance  and  growth  of  this 
leading  edge  vortex.  The  presence  of  the  leading 
edge  vortex  ever  the  airfoil  surface  reattached 
what  otherwise  would  have  been  separated  flow 
under  static  test  conditions.  As  the  clockwise 
rotating  vortex  was  about  to  shed  into  the  wake 
(Fig.  II),  a  vortex  exhibiting  counterclockwise 
circulation  was  initiated  around  the  trailing 
edge  from  seneath  to  above  the  airfoil.  Whereas 
the  presence  of  the  leading  edge  vortex  had 
reattached  separated  flow,  the  initiation  and 
rapid  growth  of  the  trailing  edge  vortex  resulted 
:n  complete  Vatic 1 ysoic’  f.ow  separation  from 
the  airfoil  leading  edge  (Fig.  II),  In  the  wake, 
the  leading  and  trailing  edge  vortices  contir.ed 


Fig.  1  -  Vortex  development  over  an  oscillating 

12"  flat  plate;  Re  87,000;  u  = 
15°  ±  5°cos  ( *  T ) ;  osc  pt.  0.75  c  ; 
K  s  1.0;  A  - J  correspond  to  1/10 
increments  of  the  oscillation  cycle 


to  form  a  tandem  structure  which  remained 
coherent  for  many  chord  diameters  downstream. 
Though  Fig.  1  depicts  vortex  development  for  a 
single  set  of  conditions,  similar  development 
sequences  have  been  observed  across  a  wide  range 
of  flow  conditions  and  airfoil  geometries. 
Critical  differences  in  vortex  initiation, 
development,  repeatability  and  convecting 
velocity  did  emerge.  Alterations  in  these 
characteristics  were  examined  in  detail  and  are 
presented  later. 

The  use  of  short  duration,  multiple  exposure 
photographs  permitted  documentation  of  vortex 
reproducibility.  Whereas  superimposed  smokelines 
from  successive  phase-lccked  exposures  (Fig.  1  ) 
identify  repeatable  vortex  characteristics, 
spatially  disparate  or  diffuse  smokelines 
indicate  oscillation-independent  flows.  The 
latter  structures  are  evident  in  the  diffuse 
smokelines  about  the  circumference  of  the  leading 
edge  vortex  in  the  wake  where  viscous  diffusion 
has  started  the  breakdown  into  turbu i ence. 
Similarly,  diffuse  patterns  also  were  evident 
near  the  airfoil  leading  edge  where  turbulent 
separation  had  occurred. 


Flow  visualization  ir.d  hot-wire  anemometry 
provided  insight  into  the  structure  of  the 
leading  edge  vertex.  Multiple-exposure 
v isua.  1  cations  of  u  single  vortex  initialed  over 
j  flat  ilate  i':g.  '  indicate  an  almost  laminar 


VORTEX  STRUCTURE 


«S 


-  Velocities  induced  by  3  traversing 
vortex  over  an  oscillating  flat  plat; 
Re  38,000;  ,  =  15°  ±  5°;  K  1,5;osc  pt. 

0.75c;  vortex  located  over  0.2c;  A-E 
correspond  to  probe  positions  of  3.01, 
jol,  3.77,  ^.20  and  5.58  inches  above 
the  airfoil  surface. 


INDUCED  VELOCITY 
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rotation  of  outlying  streamlines  down  and  around 
a  turbulent  vortex  circumference.  The  absence  of 
smoke  from  the  vortex  core  created  a  striking 
contrast  between  tha  turbulent  vortex 
circumference  and  the  laminar  rotation  induced  in 
the  potential  field.  The  visualizations 
suggested  the  existence  of  a  strong  shear  layer 
between  the  inner  core  and  the  vortex 
circumference.  In  addition,  growth  of  the  vortex 
from  a  separation  tongue  (see  Freymuth,  these 
proceedings)  emanating  from  the  boundary  layer 
would  have  little  smoke.  Diffusion  at  the 
turbulent  circumference  of  the  vortex  into  the 
potential  field  suggests  that  a  decrease  in  the 
induced  velocity  would  correspond  to  an  increase 
in  radius  away  from  the  vortex  core. 

Anemometric  measurements  which  give  a  time- 
dependent  profile  of  the  velocities  of  the  vortex 
substantiated  visualizations.  A  hot-wire  probe 
positioned  at  various  chord  locations  above  and 
normal  to  the  airfoil  surface  yielded  velocity 
profiles  at  each  location  over  successive 
oscillation  cycles.  Two  representative  cycles 
are  indicated  in  the  data  of  Fig.  2.  The 
velocity  perturbations  increased  as  the  probe  was 
immersed  first  in  the  potential  flow  field  (Fig. 
2A)  and  later  in  the  vortex.  A  peak  velocity 
maximum  was  obtained  with  the  probe  located 
tangent  to  the  vortex  circumference  (Fig.  2B). 
Further  movement  toward  the  vortex  center 
produced  a  velocity  minimum.  The  probe  recorded 
the  passage  of  the  high  velocity  region  of  the 
vortex  circumference  and  entered  the  slow  moving 
inner  core.  The  two  maxima  on  either  side  cf  the 
velocity  minima  indicated  the  passage  of  the 
vortex  as  the  probe  entered  and  exited  the  inner 
core.  Though  only  two  oscillation  cycles  are 
shown,  profiles  at  any  location  were  quite 
reproducible  when  phase-locked  to  airfoil 
oscillation. 

Multiple  exposure  photographs  m  Fig.  2 
indicate  the  relative  positions  of  the  hot-wire 
probe  and  vortex  which  produced  velocity  maxima 
and  minima  peaks.  In  the  far  field,  outside  the 
vortex  core  (Fig.  2A),  the  velocity  maxima 
occurred  with  the  probe  tangent  to  the  vortex 
diameter.  Similarly,  inside  the  vortex  core 
(Fig.  2E),  the  minima  between  the  two  velocity 
maxima  was  observed  with  the  probe  again  tangent 
to  the  diameter  and  on  a  perpendicular  bircctor 
through  the  vortex  center.  A  plot  of  these 
instantaneous  peak  velocities  along  this  bisector 
line  (Fig.  2a)  shows  the  instantaneous  velocity 
field  induced  by  the  passing  vortex.  Inside  the 
core  (Fig.  2a,  0.0  to  0.15c),  the  vortex  behaves 
as  a  solid  body  rotation.  Outside  the  viscous 
core,  the  velocity  induced  in  the  potential  field 
diminishes  as  1 / R  with  R  being  the  effective 
vortex  radius.  This  result  agrees  with  the 
classic  solutions  derived  by  Oseen  (1911)  and 
Hamel  (1916)  as  reviewed  by  Schlichting  (1979) 
for  the  velocities  induced  by  a  vortex  filament 
as  a  function  of  radial  distance. 
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Repeated  sea:-  rer.ent  s  across  most  test 
condition-  a;iu  airfoil  geometries  Indicated 
similar  structu: :  r  any  leading  edge  vortex. 
This  similarity  permitted  a  characterization  to 
be  made  of  th.  .  .  c  vortices  based  upon 
relative  diumet*..  «...  circulation  velocity.  The 
circumference  diameter  and  the  peak  velocity 
obtained  there  were  selected  as  measures  to  be 
used  across  various  test  conditions.  These 


vortex  which  remained  attached  shedding  into  the 
wake  only  at  the  airfoil  trailing  edge. 

OSCILLATION  ANGLE 


v-i.-  2  -  Mean  angle  of  attach  effects  on  vortex 

development;  5"  NACA  0015  airfoil; 
Fe  60,000;  a  B  15°;  osc.  pt.  0.25c; 
"  0.5;  F-J  correspond  to  mean  angles  of 
0,  5,  10,  20  and  30  degrees 

respectively. 

characteristic  values  as  well  as  vortex 
initiation  point  in  the  oscillation  cycle,  and 
the  average  convecting  velocity  of  the  vortex 
center  over  the  airfoil  surface  provides  for  a 
rather  complete  comparison  of  unsteady  flow 
structures  elicited  in  the  following  tests. 

MEAN  ANGLE  OF  ATTACK 


To  create  a  leading  edge  vortex,  it  was 
necessary  to  oscillate  airfoils  or  plates  such 
that  the  critical  stall  angle  was  exceeded  during 
some  portion  of  the  oscillation  cycle.  Thus,  the 
static  stall  angle  provided  a  good  reference 
angle  for  determining  whether  or  not  a  leading 
edge  vortex  would  be  produced.  Figure  3  shows 
the  dependence  of  vortex  development  on  mean 
angle  of  attack.  For  j  up  to  5°  (Fig.  3  FiC), 
the  multiple  exposure  photographs  indicated  no 
leading  edge  vortices  had  been  generated.  A 
further  increase  in  mean  angle  (Fig.  3  H ,  ia  10°) 
produced  small  leading  and  trailing  edge  vortices 
most  evident  in  the  wake.  Leading  edge  vortex 
diameter  increased  251  as  the  mean  angle  of 
attack  was  increased  from  10°  to  15°.  For  »B 
increments  between  15°  to  30°,  vortex  size 
remained  unchanged. 


Yortex  characteristics  became  quite 
sensitive  to  other  test  parameters  at  higher  mean 
angles  (  ia  >  20°).  With  an  oscillation  angle  of 
♦  5°  at  a  reduced  frequency  of  X  *  0.25,  the 
.eading  edge  vortex  separated  from  the  airfoil  at 
approximately  3CS  chord.  The  detachment  was  not 
tctally  dependent  upon  the  Qear.  angle  cf  attaca. 
Duplication  of  the  same  gcoeetric  conditions  but 
at  a  higher  oscillation  rate  (K  s  1.0)  produced  a 


The  magnitude  of  the  oscillation  angle 
provided  another  reference  condition  for  the 
production  of  synchronous  vortices.  Small 
oscillation  angles  (aw  i  0.5)  at  rapid 
oscillation  rates  (K  J>  2.0)  were  shown  to 
effectively  attach  modestly  separated  flow. 
Instantaneous  (<  7p  sec  duration)  single  exposure 
photographs  documented  the  presence  of  vortex 
development  similar  to  that  shown  in  Fig.  1. 
Multiple  exposure  phase-locked  photographs, 
however,  showed  no  spatially  and  temporally 
synchronous  vortices.  Oscillation  angles  up  to 
jtjj  +  3  at  K  values  <  0.25  similarly  produced 
little  evidence  of  synchronus  flow  structures. 
However,  further  increases  in  either  the  reduced 
frequency  parameter  or  oscillation  amplitude 
produced  repeatable  disturbances.  Hence,  a 
threshold  condition  existed  requiring  a 
combination  of  dynamic  parameters  of  sufficient 
strength  to  elicit  repeatable  flow  structure. 

REDUCED  FREQUENCY 

The  reduced  frequency  parameter,  oscillation 
angles,  and  oscillation  axes  directly  affected 
the  size,  velocity  profile  and  repeatability  of 
vortex  formation.  Of  these  dynamic  parameters, 
the  reduced  frequency  (K)  provided  the  most 
predictable  alteration  of  the  flow  fields.  From 
a  series  of  multiple  exposure  photographs 
(12/cycle),  the  location  of  the  vortex  center  was 
tracked  as  a  function  of  time  and  fraction  of  the 
oscillation  cycle.  Across  the  Reynolds  numbers 
(60,000  -  UlO, 000)  and  oscillation  angles  (3-5°) 
examined  (Fig.  4),  K  provided  an  accurate  index 
of  the  vortex  convection  velocity.  The  straight 
line  drawn  through  the  data  points  established 
the  average  traversing  speed  across  the  airfoil 
at  30  to  4QJ  of  the  free  stream  velocity. 

The  individual  vortex  positions  (Re  s 
60,000,  K  *  0.5,  and  K  =  0.75)  reveal  instances 
of  momentary  delays.  These  delays  were  most 
prominent  as  tne  airfoil  reversed  direction  from 
the  maximum  angle  of  attack  and  pitched  downward. 
The  characteristic  circulation  velocity  of  the 
vortex  circumference  showed  that  maximum  delays 
were  obtained  from  vortices  exhibiting  the 


POSmON  OF  VORTEX  CENTER 


largest  reference  profile  velocity  maxima.  As  the 
airfoil  approached  the  lowest  positions,  a  rapid 
acceleration  in  traversing  velocity  ensued. 
Though  the  reduced  frequency  was  a  good  measure 
of  the  average  vortex  position,  it  did  not 
adequately  predict  either  vortex  delay  or 
acceleration  characteristics.  All  dynamic 
parameters  as  well  as  airfoil  geometry  were 
observed  to  affect  vortex  motion. 

The  flow  field  structures  related  to  K 
changes  ranged  from  weal:,  poorly  synchronized 
vortices  at  low  K  values  (Fig.  5A  Ks0.25),  to  a 
succession  of  compact,  intense,  and  closely 
spaced  leading  edge  vortices  well  synchronized  to 
airfoil  oscillation  at  high  K  values  (Fig.  5E 
K=1 .75). 
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Fig.  6  -  Vortex  magnitude,  diameter  and  relative 

circulation  based  upon  the  peak 
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-  Reduced  frequency  effects  on  vortex 
develop  sent;  fi  A  C  A  0  3  12; 
Pc  75, -CO;  a  15°  ♦  5°;  osc.  pt.  0.25c; 
A-E  correspond  to  V.  *  0.25,  0.5,  1.0, 
*.5  and  1.75  respectively. 


At  K  values  greater  than  1.5,  significant 
alterations  in  the  de ve 1 opeenta 1  pattern  of 
trailing  edge  vorticity  occurrt  *.  The  presence 
of  multiple  leading  edge  vortices  over  the 
airfoil  surface  displaced  the  formation  of 
trailing  edge  vortices  into  the  wake.  The 
trailing  edge  vortex  which  had  produced  complete 
flow  separation  ever  the  airfoil  at  lower  K 
values  (JC  ±  1.25)  generated  no  observable 
separation  at  high  K  values  (Fig.  5  D  A  l). 
Thus,  attached  flow  over  the  airfoil  resulted 
throughout  the  entire  oscillation  cycle  at 
elevated  values  of  K  2  5-5  across  the  other 
conditions  tested. 

Velocity  m* a sv resents  at  three  chord 
.ocationa  over  the  airfoil  '.Fig.  t  .reisa’.ed  a 


velocity  obtained  at  various  chord 
locations;  NACA  0012;  a  15°  ±  5°;  osc. 
pt.  0.25. 

peak  circulation,  velocity  increase  of  16%  as  the 
reduced  frequency  was  changed  from  0.25  to  0.5. 
At  these  low  K  values,  the  vortex  diameter 
changed  slightly  across  test  conditions  with 
larger  diameters  occurring  at  a  Reynolds  numoer 
of  140,000.  Both  the  characteristic  circulation 
velocity  and  diameter  were  combined  to  obtain  a 
realtive  circulation  index  f  .  Though  the 
characteristic  maximum  vortex  velocity  decreased 
in  almost  linear  fashion  across  the  airfoil 
chord,  vortex  diameter  increased  rapidly  from 
0.25  chord  to  the  trailing  edge.  The  net  effect 
was  a  continual  increase  in  relative  circulation 
as  the  vortex  passed  from  the  leading  to  the 
trailing  edge. 

OSCILLATION  AXIS 

Similar  to  the  reduced  frequency  parameter, 
the  oscillation  axis  location  directly  affected 
the  velocity  magnitudes  and  repeatability  of 
vortex  development.  In  order  to  minimize  the 
effects  of  airfoil  geometry,  a  flat  plate  was 
oscillated  about  two  different  azis  locations; 
0.25  and  0.75  C.  Figure  7  contrasts  the  vortex 
development  between  the  two  oscillation  positions 
for  otherwise  duplicate  test  conditions.  The 
diffuse  smokelines  in  Fig.  7,  plates  A  -  E  do  not 
exhibit  the  highly  repeatable  characteristics 
observed  with  oscillations  about  0.75c.  Both 
plates  A  and  F  were  taken  at  the  same  position  in 
the  oscillation  cycle,  sT  *  2-or  the  maximum 
angle  of  attack  20  .  The  leading  edge  vortex  in 
plate  A  (oscillation  axis  0.25C)  appears  much 
larger  ar.d  furthe  ■  down  the  chord  than  in  p!.;to  F 
(oscillation  axis  0.75C).  A  better  match  between 
conditions  based  upon  vortex  diameter  and 
placement  over  the  airfoil  occurs  between  A  ar.d  G 
at  201  further  into  the  oscillation  cycle.  This 
20 S  phase  shift  produced  a  vortex  size  and 
location  match  plate  for  plate  throughout  the 
entire  oscillation  cycle.  Changing  the 
oscillation  axis  from  0.25C  to  0.75C  would  appear 
to  have  delayed  the  development  of  the  leading 
edge  vortex  by  201  of  the  oscillation  period.  A 
detailed  analysis  of  vertex  initiation  and 
traversing  velocity  as  a  function  of  the  dynamic 
parameters  is  presented  .  ater. 

Velocity  measurements  'Fig.  *}  Showed 
dynamic  a .  terat  ior.s  in  both  the  circulation 


7  -  Oscillation  axes  effect  on  vortex 
ievelopaent;  12"  flat  plate; 
3e  70,000;  i  15°  ♦  5°tos( ~T ) ;  K  2.5; 
A-E  and  F-J  correspond  to  1/5 
increments  of  the  oscillation  cycle 


velocities  ar.d  vortex  diaaeters  with  changes  in 
oscillation  axes  and  K.  An  average  circulation 
velocity  increase  of  15%  was  obtained  for  reduced 
frequencies  of  1.0,  1.5,  and  2.5  by  relocating 
the  oscillation  axis  from  C.25  to  0.75  C.  The 
vortex  diameter  decreased  an  average  value  of  10 
to  15%.  Circulation  velocities  increased  301 
between  K  values  of  1.0  and  2.5  tor  a  fixed 
oscillation  position.  Also,  average  vortex 
diameters  decreased  40  to  50%  with  elevated 
values  of  K.  Whereas  the  magnitude  of  the 
circulation  velocit.es  were  directly  proportional 
to  increases  in  the  oscil  lation  axis  and  K,  the 
slit  of  the  vortex  diameter  was  inversely 
related. 

A  direct  correlation  existed  between  the 
magnitude  of  the  circulation  velocity  an-d  the 
repeatability  of  vortex  generation.  Flow 
Visualisations  which  produced  the  most  concise, 
tecs  orally  repeatable  vortices  also  possessed  the 
strongest  circulation  velocities.  The 
combination  of  circulation  velocity  an-d  vortex 
diameter  tc  obtain  relative  circulation  produced 
rosults  similar  to  those  obtained  with  the  %'ACA 
3? 1?  airfoil  (Fig.  6).  The  average  circulation 
of  tie  leading  edge  vortex  increased  as  the 
vortex  passed  from  the  leading  tc  the  trailing 
edge  of  the  flat  plate  used  .a  these  tests. 

Sinusoidal  oscillations  of  the  fiat  plate 
about  ."5  C  at  elevated  values  Of  •“  12  1.5’ 
fa;..  <?d  to  produce  the  linear  decay  in  velocity 
j.-ros:  the  airfoil  chord.  A  25%  decrease  in 
velocity  occurred  frea  the  leading  edge  to  '.3  ”■ 
A  .if  ear  increase  -f.  vertex  diameter  use  a . i 


VORTEX  DEVELOPMENT  OVER  A  FLAT  PLATE 
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Fig.  5  -  Vortex  magnitude,  diameter  and  relative 
circulation  based  upon  the  peak 
velocity  obtained  at  0 .  i  chord 
increments;  12"  flat  plate; 
Pe  "0,000;  4  15°  ♦  5°;  osc.  pt.  0.25 
and  0.75  c. 

indicated.  The  decrease  was  followed  by  a  rapid 
acceleration  of  the  circulation  velocity  at  0.5  C 
with  a  corresponding  decrease  m  vortex  diameter. 
Velocity  decay  commenced  again  from  0.7  C  to  the 
trailing  edge.  The  velocity  reduction  followed 
by  the  rapid  acceleration  of  the  vortex  over 
midchord  was  commensurate  with  the  formation  of  a 
second  vortex  over  the  leading  edge.  Thus,  it 
appears  that  strong  interaction  between 
successively  generate?,  vortices  at  high  K  values 
altered  the  normal  vortex  velocity  decays. 

AiiiFOIL  CECKE7PY 

Airfoil  geometry  altered  the  development  of 
both  leading  and  trailing  edge  vortices.  Under 
static  conditions,  the  flat  plate  exhibited  flow 
separation  at  slightly  lower  mean  angles  of 
attack  (»a  10°)  than  the  !» A  C  A  2012  ar.d  0015 
airfoils  (ia  10.9°  A  It. A,  respectively).  With 
in  oscillation  angle  fixed  at  *  Sc,  the  fiat 
plate  produced  leading  edge  vortices  at  lower 
e ear.  angles  of  attack  than  the  two  conventional 
airfoils.  This  result  was  not  unexpected  as  it 
had  been  snows  earlier  that  the  static  st.>ll 
angle  had  to  be  exceeded  m  order  to  generate  a 
leading  edge  vortex. 

Under  duplicate  teal  conditlvr.s,  t.’*e  sharp 
.  esd.rg  edge  of  the  vsci  1  luting  flat  plate 
produced  better  tempera,  nr.d  rpatis.  core:-!  ver.esr. 
either  tr.e  '.A2A  '-.12  and  ;*  15  i.rfoilj.  At 


t  hart 


least  part  of  the  key  to  this  difference  appeared 
to  be  the  sharp  leading  edge  of  the  oscillating 
flat  plate.  When  either  the  NACA  0012  or  0015 
airfoils  were  rotated  180°  and  oscillated  about 
0.75C  with  the  sharp  trailing  edge  forward,  the 
leading  edge  vortices  produced  were  qualitatively 
the  same  as  those  generated  from  a  flat  plate 
oscillated  about  0.75C.  The  most  Intense, 
cohesive,  and  repeatable  vortex  structures  were 
observed  from  the  flat  plate  and  reversed  NACA 
0012  and  0015  airfoils  oscillated  about  0.75C  at 
the  maximum  limiting  frequency  of  the  oscillatory 
mechanism  (-15  Hz). 

Significant  differences  were  observed, 
however,  in  trailing  edge  vortex  development 
between  the  flat  plate  and  reversed  NACA 
airfoils.  Passage  of  the  leading  edge  vortex 
ever  the  rounded  trailing  edge  of  the  NACA  0012 
airfoil  always  triggered  a  trailing  edge  vortex 
independent  of  reduced  irequency.  In  contrast, 
the  sharp  trailing  edge  of  both  the  fiat  plate 
and  a  conventionally  oriented  NACA  0012  airfoil 
produced  trailing  edge  vortices  at  different 
positions  in  the  oscillation  cycle,  relatively 
independent  of  the  leading  edge  vortex  location. 
For  either  the  normal  or  reversed  geometry, 
development  of  the  trailing  edge  vortex  at  X  < 
1.25  produced  flow  separation  whereas  K  values  in 
excess  of  1.5  resulted  in  attached  flow  through 
ihe  entire  oscillation  cycle. 

VCR7ZX  INITIATION 

The  identification  of  leading  edge  vortex 
initiation  using  flow  visualization  and  hot-wire 
.ir.ecoaetry  presents  a  unique  problem.  Though 
flow  visualization  may  not  necessarily  indicate 
the  initial  build-up  of  vorticity,  it  is  crucial 
:n  identifying  a  developed  vertex  structure.  All 
test  conditions  which  produced  synchronized 
ir-ading  edge  vortices  revealed  fully  developed 
vcrt.ces  by  0.1  to  0.2  chord.  For  analysis 
purposes,  therefore,  the  0.2  chord  location  of 
the  leading  edge  vortex  was  selected  as  a  spatial 
reference  for  vortex  initiation.  The  composite 
Figure  9  cites  the  contribution  of  oscil lation 
angle  (  tu,  near,  angle  (  ,  ),  and  the  reduced 
frequency  parameter  (K)  to  the  initiation  of  a 
leading  edge  vortex  relative  to  the  oscillation 
-jC  le.  All  data  points  were  obta.. ‘.ed  from  flow 
visualization  and  hot-wire  anemooetry  using  a  12 
in.  C  flat  plate  ar.d  reversed  NACA  0015  airfoil 
with  t>  in.  C.  Oscillation  of  both  devices  was 
about  0.75  C  at  ia  *  tw. 

Figure  9,  it  is  clear  that  with  low 
values  of  w  a  vortex  forced  during  the  upstroke 
of  the  oscillation  cyc.e  and  increasing  values 
of  »M  delayed  the  appearance  of  a  vortex  until  or 
ever,  beyond  2.0  »  .  It  is  notable  that  this 
re.atior.  was  asymptotic,  further  excursions 
ley  end  *  6°  provided  little  additional  delay 
in  vertex  initiation. 

Aisn  ir.  Figure  9,  increasing  »  c*3  were 
-•orrelaled  with  the  increasingly  early  appearance 
i-f  vortices.  At  ja  of  10°,  a  leading  edge  vortex 
was  identified  ever  J.2  chord  when  both  test 
devices  were  well  into  the  downstroke  portion  of 
the  oscillatory  cy'.e.  As  approached  30°. 

vortices  appeared  during  the  upslroac 
portion.  Hence,  the  efforts  cf  and  » „  arc 
C, posit*  of  each  Other  with  both  generating 
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Fig.  9  -  Vertex  initiation  over  a  12"  flat  plate 
and  a  reversed  NACA  0015  airfoil;  osc. 
pt.  0.75c. 


asymptotic  limits.  Somewhat  surprisingly,  -4  a 
seems  a  somewhat  iess  effective  variable  than  a w 
across  the  values  tested. 

Variations  in  reduced  frequency  parameter 
also  produced  the  large  alterations  in  vortex 
initiation.  The  index  of  initiation  shows  that 
increases  in  X  delayed  the  appearance  of  leading 
edge  vortices  in  almost  linear  fashion.  The 
delay  increased  through  K  values  of  1.25  with 
more  modest  delays  occurring  at  higher  K  values. 

TRAVERSING  OR  C0NVECTING  VELOCITY 

It  was  noted  earlier  (Fig.  4)  that  momentary 
delays  occurred  in  the  traversing  motion  of  the 
leading  edge  vortex  passing  from  the  leading  to 
the  trailing  edge.  Hot-wire  measurements  at  0.1 
C  increments  over  an  oscillating  flat  plate  for 
two  different  oscillating  axes  (0.25  and  C . 7 5 C ) 
and  three  different  values  of  K  (1.0,  1.5,  and 
2.5)  snowed  similar  results  (Fig.  10).  The 
leading  edge  vortex  did  not  traverse  the  airfoil 
surface  with  a  uniform  velocity  after  initiation. 
Vortices  accelerated  over  the  airfoil  surface  at 
different  rates  dependent  upon  the  test 
conditions. 

Plotting  the  vortex  position  as  a  function 
of  the  oscillation  cycle  say  distort  the 
dependence  of  vortex  development  on  airfoil 
oscillation.  When  the  same  position  data  were 
plotted  in  real  time  (Fig.  11),  the  dynamics  of 
vortex  initiation  and  traversing  velocity  were 
observed  independent  of  oscillation  dynamics. 
The  time  required  to  complete  one  oscillation 
cycle  for  each  of  the  three  K  values  is  indicated 
above  the  time  scale  in  Fig.  11.  Though  tne 
oscillation  rale  differed  by  a  factor  of  2.5, 
vortex  initiation  and  poaltior.  as  a  function  of 
real  time  remained  quite  similar  across 
conditions.  In  contrast,  Fig.  10  skews  the 
position  data  to  oscillation  cyc.e  phases.  The 
actual  dependence  of  vortex  initiation  and 
position  on  real  time  seem  to  indicate  a 
characteristic  initiation  ar.d  development  time 
that  is  somewhat  independent  of  the  airfoil 
oscillation  dynamics. 

Other  characteristics  of  vortex  initiation 
and  position,  ho  we  ver,  were  observed  to  be 
dependent  upon  the  airfoil  oscillation  dynamics. 
Regardless  of  oscillation  axes  , F 1 g.  ’1), 
increases  in  the  reduced  frequency  parameter 
resulted  in  vortex  traversing  velocity 
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ir.crenents.  This  effect  was  previously  noted  in 
the  flow  visualization  study  (Fig.  4).  At 
reauced  frequencies  where  the  leading  edge  vortex 
remained  over  the  airfoil  surface  through  one 
coeplete  oscillation  cycle  (K  i  0.75),  the  vortex 
experienced  convection  acceleration  imoedia '.eiy 
after  initiation  (Fig.  11  T  »  0-40  msec*. 

For  all  the  conditions  tested,  the 
convection  movements  remained  sufficiently  linear 
to  approxiaate  "average”  traversing  velocit.es 
between  0.2  and  0.9  C  (Fig.  12).  Flow 
visualization  of  the  leading  edge  vortex  centered 
over  tnese  points  permitted  a  rapid  assessment  of 
traversing  velocity  across  a  wide  parameter 
range.  The  average  traversing  velocity  obtained 
with  tr.is  technique  agreed  with  anemcmetric  tests 
to  within  21.  Although  a  direct  correlation 
existed  between  the  reduced  frequency  and 
traversing  velocity  (Fig.  12),  a  change  in  the 
slope  of  this  iorreiation  occurs  at  approximately 
£  i  1.0.  Interestingly,  at  the  same  £  value 
cataclysmic  flew  separation  due  to  the  trailing 
edge  vertex  ceases.  Mean  angle  of  attack  U#; 
snows  ar.  inverse  correlation  to  traversing 
velocity  such  that  high  angles  of  attack  result 
in  a  slower  vortex  convection.  Similar  results 
were  obtained  Tor  loth  the  reversed  SACA  2015  and 
oscillating  flat  plate  despite  the  differences  in 
geometry  and  chord  length. 
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Fig.  12  -  Vortex  traversing  velocity  over  a  12" 
flat  plate  and  a  reversed  NACA  0015 
airfoil;  osc.  pt.  0.75c. 


DISCUSSION 

The  observations  made  in  the  previously 
described  tests  may  be  organized  into  two  general 
categories:  (1)  initiation,  development  and 

convection  velocities  of  vortices  and  (2) 
inherent  vortex  characteristics.  As  will  be 
noted  later,  vortex  characteristics  appear  to 
relate  to  the  convection  velocities. 

INITIATION: 

Assuming  that  the  static  stall  angle  is 
exceeded  at  some  time  in  the  sinusoidal 
oscillation  cycle,  jb  increments  are  related 
directly  to  earlier  vortex  occurrence  during 
upward  pitching  of  the  lifting  surface:  the 
larger  the  a  ,  the  earlier  in  the  cycle  a  vortex 
is  initiated.  Both  ^  and  K  value  increments 
delay  the  appearance  of  a  vortex  to  later 
portions  of  the  oscillation  cycle.  When  the 
oscillation  axis  is  moved  back  from  0.25  to  0.75 
chord  locations,  vortex  initiation  is  similarly 
delayed.  Thus,  earlier  vortex  initiation  derives 
from  »B  -  a3t#il  while  later  vortex  initiation 
derives  from  any  test  condition  which  increases 
i  values.  Across  the  tests  done  in  the  present 
series  of  studl.s,  vortex  appearance  occurred  as 
early  as  midway  through  the  upward  pitching  and 
as  late  as  midway  through  the  downward  pitching 
of  the  oscillation  cycle. 

TRAVERSING  OR  C0SVECTIMG  VELOCITY: 

The  traversing  velocity  (V/V„)  of  the 
leading  edge  vortex  was  affected  in  a  manner 
ana.agous  to  the  initiation.  Increments  in  both 
the  reduced  frequency  parameter  (K)  arid 
oscillation  amplitude  increased  the  vortex 
traversing  velocity.  Over  the  conditions  tested, 
increased  K  resulted  ir.  linear  changes,  but 
oscillation  amplitude  produced  velocities  which 
approached  an  asymptotic  limit  of  O.k  V*  for 
•V.  2  6°.  A  similar  asymptotic  condition 

probably  exists  at  higher  reduced  frequencies  as 
well;  for  it  is  doubtful  that  the  traversing 
velocity  would  exceed  the  local  free  stream 
velocity  value.  The  traversing  velocity  was 
inversely  related  to  increments  in  the  mean  angle 
of  attack.  A  decrease  of  33*  m  traversing 
velocity  resulted  from  increasing  the  mean  angle 
of  attack  from  10°  to  32°  for  both  the  flat  plate 
and  reversed  SAC  A  0015  airfoil.  Hence,  it 
appears  that  the  reduction  in  vortex  traversing 
car.  be  directly  attributed  to  ar  airfoil  blockage 
effect.  Conditions  w.-ieft  produced  greater 


blockage  of  the  free  stream  flow  (greater  i  )  for 
longer  periods  of  time  (reduced  K  values) 
resulted  in  slower  traversing  velocities. 
Vortices  developing  ir.  the  shadowed  wake  of  the 
airfoil  remained  for  longer  periods  over  the 
airfoil. 

RELATIVE  CIRCULATION: 

The  size,  strength  and  repeatability  of 
leading  edge  vortices  were  directly  altered  by 
changes  in  the  oscillation  axes  and  varying  the 
oscillation  rate.  Higher  peak  circulation 
velocities  with  simultaneous  decreases  in  vortex 
diameters  were  realized  with  either  increased 
reduced  frequency  parameter  or  rearward  movements 
of  the  oscillation  axes.  Through  multiple 
exposure  flow  visualization  and  ensemble  averaged 
hotwire  signals,  the  concise,  energetic  and 
extremely  coherent  vortices  (axis  0.75C,  K  >  1.0) 
were  repeatsbie  to  within  21  variation  of  induced 
velocity  over  30  consecutive  oscillation  cycles. 

When  the  peak  velocity  was  combined  with  the 
corresponding  vortex  diameter,  the  relative 
circulation  estimate  remained  relatively 
unchanged  across  conditions.  The  initial 
formation  (vortex  over  0.2  chord)  value  of  the 
circulation  appeared  constant  across  K  values  and 
oscillation  positions  for  the  flat  plate.  As  the 
vortex  traversed  the  airfoil  surface  from  leading 
to  trailing  edge,  the  relative  circulation 
increased  by  a  factor  of  2.5.  Hence,  the 
vorticity  appeared  to  build  with  tine  over  the 
airfoil  rather  than  decay  with  time  after 
initiation.  The  magnitude  of  the  relative 
circulation  was  inversely  related  to  the 
oscillation  rate.  Though  the  peak  velocity 
increased  with  K,  the  decrease  in  the  vortex 
diameter  resulted  in  an  overall  decrease  in  the 
relative  circulation  at  higher  K  values.  For 
tne  flat  plate  oscillated  about  0.75C, 
decreased  approximately  251  as  the  reduced 
frequency  was  increased  from  1.0  to  2.5. 
Although  each  vortex  possessed  a  reduced 
circulation  a'-,  higher  K  values,  the  total  overall 
vortex  ir.fluer.ee  about  the  airfoi.  was  higner 
since  multiple  vortices  resided  over  the  airfoil 
at  all  t: rss  during  ar.  oscillation  cycle. 

The  "temporal*  component  of  this 
sinusoidally  forced  unsteady  flow  seems  to 
provide  a  common  thread  between  vortex 
.  r.  illation .  size,  strength  and  traversing 
velocity.  Increasing  the  reduced  frequency 
parameter  decreases  the  amcur.t  of  time  available 
for  vortex  initiation  and  development,  fmee  the 
initial  formation  of  a  leading  edge  vertex  is 
delayed  at  increased  K  values,  a  characteristic 
time  of  vortex  initiation  and  formation  war 
suggested  and  must  be  caugnt.  Similarly,  these 
Mgh  oscillation  raf«s  produce  initial  vortices 
. ft h  relatively  high  circulation  velocities  but 
smaller  diameters  and  relatively  constant 
circulation  mlicer.  These  concise,  energetic 
vertices  tend  to  move  across  the  airfoi.  at 
significant./  higher  traversing  speeds.  A 
vharac ter i st . c  development  time  as  we.,  as  a 
vortex-vortex  interaction  was  suggested.  Lower 
reduced  frequencies  permit  the  airfoil  to  rema . r. 
at  increased  angles  of  sitae*  for  .onger  periods 
cf  time.  The  duration  tf  ’.Ms  blockage  effect  as 
desertted  previous./,  directly  affected  vortex 
size  a  r.  i  traversing  speeds.  Lover  reduced 


frequencies  permitted  a  greater  period  of  time 
for  the  vortex  to  grow  in  size  and  remain  over 
the  airfoil  surface  in  the  wake  region  of  the 
blocked  flow.  Since  the  relative  circulation 
indices  were  quite  constant,  higher  reduced 
frequencies  resulted  in  vortices  with  higher 
circulation  velocities  and  smaller  diameters. 
Less  time  was  available  for  the  development  of 
the  vortex  in  the  shadowed  wake;  hence,  the 
vortices  remained  concentrated. 

CONCLUSION 

Harmonic  oscillation  of  airfoils  at  angles 
of  attack  in  excess  of  static  stall  were  observed 
to  produce  complex  interactive  flow  field 
structures.  The  most  predominate  of  these  were 
the  formation  of  both  a  leading  and  trailing 
vortex  which  were  temporally  and  spatially 
dependent  upon  the  airfoil  oscillation  dynamics. 
These  structures  were  sufficiently  reproducible 
to  permit  multiple  exposure  flow  visualizations 
and  ensemble  averaged  hotwire  anemometer  profiles 
to  be  made  phase  locked  to  the  airfoil 
oscillation.  The  presence  of  the  leading  edge 
vortex  was  observed  to  reattach  otherwise 
separated  flow  at  angles  of  attack  which  produced 
complete  flow  separation  under  non-oscillating 
conditions. 

The  dynamics  of  the  airfoil  oscillation 
directly  influenced  vortex  initiation, 
development  and  traversing  velocity.  The 
oscillation  rate  (reduced  frequency),  mean  angle 
cf  attack,  oscillation  angle,  oscillation  axes  a.* 
well  as  the  airfoil  geometry  were  shown  to 
directly  alter  the  vortex  circulation  ve.ocity 
and  size,  yat,  left  the  relative  circulation 
index  quite  constant.  Optimal  selection  of  the 
airfoil  geometry  and  oscillatory  parameters 
snould  permit  maximal  lift  enhancement  through 
increasing  vortex  residence  time  ar.d  circulation 
velocity  over  the  airfoil  surface.  Much 
additional  work  remains  to  be  done  in  two  areas: 
(1)  measuring  the  total  vorticity  field  during 
airfoil  oscillation  and  (2)  examining  the 
interaction  of  multiple  vortices  over  the  airfoil 
at  elevated  values  of  K.  ?oth  these  approaches 
nave  readily  apparent  explanatory  and  technical 
exploitation  values. 
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The  novel  lift  generation  mechanism 
postulated  by  Weis-Fogh  (1973)  and  evaluated  by 
Lighthill  (1973)  m  regard  to  bo. “ring  ir.sects 
provided  graphic  evidence  for  the  possible 
utility  of  unsteady  flows.  The  present  report 
summarizes  flight  mechanisms  in  dragonflies  that 
appear  to  exploit  unsteady  flows  to  achieve 
rather  remarkable  aerodynamics.  We  envision  that 
such  studies  may  provide  a  means  of  identifying 
crucial  combinations  of  unsteady  variables  that 
are  effective  in  both  generating  and  using 
unsteady  flows. 

Dragonfly  flight  was  studied  both  in 
unrestrained,  normal  specimens  and  in  tethered, 
laboratory-tested  specimens.  In  both  instances, 
high  speed  photography  permitted  the 
characterization  of  wing  motions  including  stroke 
length,  stroke  angles,  stroke  frequency,  angles 
of  attack  and  phase  angles  for  the  tandem  pair  of 
wings.  In  the  laboratory  such  observations  were 
coupled  with  force  balance  measures  such  that 
instantaneous  correlations  of  wing  motion  and 
lift  were  obtained.  Flow  visualization  also  was 
obtained  for  tetnered  insects  during  elicited 
flight  episodes.  Simple  oscillating  plate  models 
were  used  in  a  zero  flow  test  to  simulate  at 
least  some  aspects  of  observed  dragonfly 
aerodynamics. 

The  flight  modes  of  a  dragonfly  include  (1) 
:: ;gr.- speed  forward  and  upward  maneuvers,  (2) 
gliding  or  soaring  maneuvers,  and  (3)  hovering  or 
•low  maneuvers  in  any  direction.  Combined  modes 
ind.  rapid  transitions  from  one  mode  to  another 
are  observed  often  without  major  charges  in  body 
attitude  or  wing  dynamics.  The  wing  geometries 
are  simple  and  static  except  for  passive 
defornations  produced  by  interactions  with  nearby 
energized  fluid.  Wing  dynamics  include  wing  beat 
f e  u  e  r.  c  i  e a  cf  25-36  !iz,  wing  stroke  angles  of 
j?°  forward  and  20  0  behind  the  root  attachment 
i.;  we  I  1  as  angles  of  V2°  beneath  and  62°  above 
the  horizontal,  angles  of  attack  of  1  to  50°  and 
;  base  angles  for  the  tandem  wings  of  near  2  to 

3  1°. 

Ir.  tethered  ir.sects  a  well-defined  point  of 
>ia>  .mum  lift  generation  occurred  once  during  each 
.-:,g  beat  cycle  of  the  tandem  wings.  The  maximum 
.ft  gt: r.r •  a  ted  .»t  this  poir.t  was  approximately  20 
.  sies  tody  we.gr.t.  In  contrast,  unrestrained 
iragonf 1 ies  routinely  exhibit  very  stable 
Lover. rg  indicative  of  core  continuous  lift 
generation.  Photographs  of  dragonflies 
exhibiting  both  modes  of  flight  revealed  no 
remark  at  *.  e  changes  in  wir.g  motion  despite  the 
bvlcus  differences  in  lift  general r.. 

:  1 ow  visualization  in  the  vicinity  f 
t-t.-.errd  dragenf 1  its  revealed  two  major  type:  cf 
t  r  u  o t  u  r  e .  During  episodes  of  h i g  h  lift 

generation,  smoke  moves  rip  idly  frr-n  ahead  of  tr.e 
.."..-CIS  to  for  r.  •".5°  angle  wawes  behind  them.  The 
•  :  act  -re  of  tne  wakes  is  -c  tin  or.  1  y  :  o  r  1 :  at-  1  !y 
■.•art  ices  that  appear  tv  unfold  t.  tne  wjr- 
•  r  a .  e  . tewnstream.  In  :;-nd:  t  lens  cf  more  r.clest 


set -re  o!  tne  w a .< e s  ir 


stationary  vortices  surrounding  the  upper  wing 
stroke  quadrant. 

As  a  working  model  of  dragonfly  flight 
mechanisms,  summarizes  the  observed  wing 
positions,  angles  of  attack,  flow  fields  and  lift 
peaks  we  have  been  able  to  characterize.  In 
essence,  it  appears  that  high  angles  of  attack  of 
the  wings  generate  a  local  circulation 
exploitable  to  provide  relatively  high  lift  under 
hovering  conditions.  Angles  of  attack  appear 
smaller  if  thrust  is  to  be  provided  and  if  net 
flow  is  to  be  achieved. 

In  view  of  these  observations,  vertically- 
oriented  flat  plates  of  varying  thicknesses  were 
driven  back  and  forth  in  a  zero  flow  test 
condition  to  evaluate  the  effects  of  stroke 
length  and  stroke  frequency.  The  results  of 
these  studies  were  quite  clear.  For  very  thin 
plates,  stroke  length  dictated  vortex  size  and 
stroke  frequency  had  little  effect  other  than  a 
modest  enhancement  of  flow  structure 
cohesiveness.  The  addition  of  angularity  to  the 
flat  plates  resulted  in  net  flow-'  dominated  by 
vortices.  These  observations  are  consistent  with 
the  notion  that  flow  structure  may  be  initiated 
by  a  wir.g  and  can  be  expected  to  persevere.  This 
preserved  local  flow  structure  could  be  exploited 
by  another  wing  or  by  the  same  wing  on  a  later 
3  e. 

Overall,  these  experiments  indicate  that 
unsteady  flows  may  be  used  to  support  quite 
sophisticated  insect  flight  maneuvers.  No 
significant  change  in  wing  geometry  is  needed  to 
achieve  such  flight  and  only  modest  alterations 
in  dynamic  wing  stroke  variables  are  required. 
The  observations  made  here  indicate  that 
dragonflies  use  mechanisms  quite  different  from 
those  used  by  the  Chalcid  wasp,  as  described  by 
Weis-Fogh.  Other  means  of  exploiting  unsteady 
separated  flows  may  exist  al.o  within  the  insect 
world.  Many  of  these  possibilities  remain  to  be 
exumhed  and  to  be  analysed  in  regard  to 
generation,  control  and  are. 

The  publication  >f  two  papers  concerned  with 
hovering  :r.  the  Chalcid  was;  ,  Bn  oar,, .a  fcrTioc^. 
(Weis-Fugh,  12?3;  Lighthill,  15'*3)  signaled  a 
renewed  .aterest  in  biologic. «I  models  of  fl..ht, 
Weis-Fogh  had  suggested  the  ••xiitence  of  :t  novel 
lift  generation  mechanism  to  explain  hovering  in 
the  Chalcid  wasp  as  well  .»3  other  insects. 
Lighthill  showed  that  sue:  .»  novel  meoh.in.se 
could,  in  principle,  .KMH.nl  for  *  he  required 
1  r  v  •: . .  of  I  .ft  generation  during  hovering.  More 
recently,  *!axwar*hy  .  t  ?  '  )  '■  has  u,cwr.  that  *  he 
,  .t.lated  flews  el. -J  :y  the  -a:;  ou  .  5  it* 

f  <:  :  c.t  ,  .i  s..ed  ’.  y  meet t  : . 


configurations  are  often  more  simple  in  insects 
and  muscle-elicited  changes  in  configuration 
during  various  flight  modes  are  more  limited. 
Unlike  birds,  for  example,  many  insects  achieve 
excellent  aerodynamics  and  maneuverability  in  the 
absence  of  a  variety  of  deployable  wing  devices. 
Also,  insects  are  able  to  accomplish  a  wide  range 
of  flight  behaviors  without  the  aid  of  an 
elaborate  set  of  neural  controls.  Thus,  attempts 
to  understand  biological  flight  are  best  focused 
upon  these  accomplished,  but  simple,  flight 
practitioners. 

Work  focused  upon  the  Chalcid  wasp  is 
limited  by  several  considerations.  First,  the 
wasp  is  extremely  small  (-  0.5  cm)  and  exhibits 
flight  in  a  very  low  Reynold’s  number  range.  To 
do  30,  wing  beat  frequencies  approach  300  Hz. 
Also,  this  wasp  has  not  received  much  attention 
in  regard  to  either  flight  musculature  or  neural 
flight  control  mechanisms. 

3ecau3e  of  these  limitations  with  the 
Chalcid  wasp,  we  have  elected  tc  study  flight  in 
the  dragonfly.  Weis-Fogh  (1973)  cited  this 
msec t  as  one  which  most  probably  had  to  utilize 
novel  lift  generation  mechanisms.  More  recently, 
"orberg  (1975)  and  Savage  al.  (1979)  have 
provided  evidence  that  these  insects  produce 
i.igner  amounts  of  lift  than  can  be  anticipated 
*.  ir.g  usual  steady  state  aerodynamic  principles. 
Work  on  underlying  neural  control  mechanisms 
(Pringle,  1963;  Neville,  I960)  indicates  that 
•>.;e  insects  use  central  pattern  generators  to 
irive  wing  movements.  These  movements  are 
subject  to  only  minor  (Alexander,  1932;  Olberg, 
1933)  feedback  modifications.  Thus,  the 
irugcr.fiy  appears  to  achieve  excellent  aerodyna- 
.  j  not  using  standard  3teady  state  mechanisms 
«nd  net  depending  upon  elaborate  wing  control. 
?;.v‘  wir.g  notions  exhibited  by  dragonflies  reveal 
iighly  stereotyped  kinematics  and  fluid-wing 
interactions.  3o  dedicated  are  the  wing  motions, 

•  wing  musculature  has  but  two  cardinal 
tr  ions:  elevation  and  depression.  Flexion  and 
>.*:<  tensiur,  character  istics  of  insects  which 
:  e  tra  :  t  or*  fold  the  wings  when  not  in  use,  are 
>m. tted  from  both  the  control  and  musculature  of 

dragonfly  (Clark,  1940). 

As  jn  aside,  it  is  notable  that  fossil 
••001  is  inJicate  dragonflies  have  survived  since 
.  -  •  ir.e  of  dinosaurs,  essentially  unchanged 
<-•;  t  for  a  modest  decrease  in  size.  Presumably 
t :**:c  insects  whim  mat**  and  eat  while  airborne 
r.jvc  engaged  in  innumerable  life  and  death 

dyn»r,ic  struggles  in  the  approximately  250 
••'.11, or.  years  of  existence.  Obviously,  those 
ijhly  akilleJ  flyers  have,  as  a  species, 
,  .'Wailed  through  this  test  of  tine.  Humbled  by 
this  remarkable  record  of  survival,  we  set  out  to 
investigate  the  inherent  flight  wisdom  of  the 
ir.i.  or.fly . 

•ur  studies  were  designed  to  determine  (1) 
-n  *  ;.ar.tit:us  of  lift  the  dragonfly  generates, 
'.2)  now  ih.s  lift  related  to  wir.g  kinematics,  ar.J 
2  whether  s;ecific  f.uid  . nteract ions  occurred 
at  out  the  w.j.cr. 


lr.  beginning  o-r  1  u  d  i  •- s  it  was  necessary  to 
•  f  vr  .*  :  .ister  of  ;  i  1  w  t  i  r  v  e  r  t  i  g  a  1 1  0 n .* . 
1  ■  '  f  1  .«•»  (  Odor. a  t  a ,  a  :5 1 c  p  t  e  r  a ;  wore  netted 

f  :  *: by  h^b. tats  H:  the  early  morning.  Vhir 

1  /  a.vot:;  1  ..!•«*!  since  irAgonfly  escape 
.ai  t  fr-r  l  s tat  . ur.»rj  reel  r  *«i0  w.:s  highly 


predictable.  These  insects  inevitably  depart 
rapidly  at  a  45°  angle  from  the  horizon  and  in 
the  direction  of  body  orientation.  The  insect 
net  was  simply  moved  to  an  intercept  position. 
Within  an  hour  of  capture,  the  insects  were  in 
the  laboratory  being  subjected  to  cooling  (for 
next  day  testing)  or  to  chloroform 
anesthetization  (for  handling  purposes).  Each 
insect  was  weighed,  fully  measured  and  then 
tethered  to  a  small  wood  beam  using 
cyanoacrylate.  A  variety  of  tests  ensued  as 
described  below. 

To  relate  laboratory  observations  with 
natural  flight  behavior  in  the  dragonfly, 
unrestrained  flight  of  the  dragonfly  was  observed 
in  the  habitat  from  which  they  were  collected. 
Flight  modes  were  recorded  and  simple  aerodynamic 
values  were  estimated.  In  addition,  the  wing 
kinematics  were  recorded  using  telescopic 
photography  (35  mm  camera;  1/1000  shutter  speed; 
250  mm  lens;  1000  ASA  color  film).  Most 
photographs  were  taken  as  the  dragonflies  hovered 
near  favorite  reed-zop  perches. 

Lift  measurements  and  simultaneous  wing 
motion  analyses  were  achieved  with  tethered 
dragonflies  mounted  to  a  one-dimensional  strain- 
gauge  force  balance.  The  amplified  force  balance 
output  was  displayed  on  one  channel  of  a  CRT 
oscilloscope  and  a  photodiode  output  was 
displayed  on  the  second  channel.  As  the 
stroboscopic  (-  0,5  msec)  illumination  was 
triggered  for  photographing  wing  motion,  the 
diode  signal  on  the  oscilloscope  marked  related 
instantaneous  lift  values.  Alternatively, 
continuous  Strobotach  (Gen.  Radio)  output 
provided  diode  marking  of  lift  values  associated 
with  videotaped,  phase- re  la  ted  wing  motions. 
From  a  large  number  of  elicited  flight  episodes 
visualized  for  21  dragonflies,  it  was  possible  to 
describe  both  the  wing  kinematics  and  the 
associated,  phase-related  lift  values.  In  many 
instances,  it  was  necessary  to  place  a  mark  on 
the  rear-  wings  of  the  dragonflies  to  assure 
subsequent  discrimination  of  the  front  from  the 
rear  wings.  In  some  instances,  the  cyanoacrylic 
cement  used  for  tethering  spread  to  legs  of  the 
insects  or  to  other  thoracic  structures.  These 
specimens  were  not  used  since  the  spread  might 
have  altered  flight  patterns  and  lift  generation. 
In  general,  the  insects  could  be  tested  over 
numerous  flight  episodes  for  periods  of  at  least 
two  hours.  Altered  wing  motions  and  decreased 
lift  generation  were  used  as  indicators  of 
deteriorating  flight  behavior. 

Flow  visualization  was  achieved  during 
dragonfly  flight  episodes.  Heated  kerosene  smowe 
was  delivered  (<  10  cm  sec  "  ;  from  a  1  ;m 

diameter-  tube  approximately  10  cm  :n  front  of  tr.e 
test  ipecimens.  The  laminar  smoke  stream  was 
positioned  to  intercept  the  median  wing  position 
approximately  mid-spar..  Ail  testing  and 
photography  was  done  in  a  60  x  6C  x  80  cm  zero 
flow  box  constructed  of  clear  csst  acrylic 
(Plexiglas).  At  about  the  middle  of  a  flight 
episode  lasting  3-6  secs,  a  strcboscopic 
photograph  was  taken.  Tnis  procedure  was 
repeated  many  times  to  produce  a  composite  model 
of  flew  (smoke  stream)  -wing  interactions. 

Pased  upon  the  above  observations,  an 
•‘apir.cal  mod*-',  of  wir.g  motion  ar.  d  flow 
i r  ter.’u  t i ons  was  constructed  to  relate  to  the 
observed  amount:  .f  lift  gi-rerallor ,  A  Ire,  a  few 
simplified  exp  vr.  rent;  with  its  os*.  :  Hating  fl.v. 
pi.*’.*-  were  pursued  to  simulate  seme  of  the  flow- 


wing  interactions  observed  during  dragonfly 
testing.  Finally,  a  novel  means  of  testing 
dragonflies  was  developed  tn  permit  more  detailed 
flow-wing  visualizations.  This  novel  procedure 
i3  described  together  with  a  projection  of  its 
potential  in  model  studies  of  insect  flight. 


Reaulta 

Before  turning  our  attention  to  the 
laboratory  studies,  a  few  of  our  observations  on 
natural  flight  will  be  summarized  (Table  1). 
After  spending  much  of  its  development  as  a 
predatory  water  nymph,  the  dragonfly  emerges  as 
the  flying  adult  form  from  a  metamorphosis  that 
takes  place  on  a  twig  or  reed  that  grows  out  of 
the  water  habitat  of  the  nymph.  As  the  wings  are 
unfolding  and  drying,  the  adult,  itself,  is 
subject  to  predation  by  birds.  Thereafter, 
dragonflies  are  not  subject  to  heavy  predation 
because  both  color  and  maneuverability  provide 
excellent  survival  probability. 

Flight  in  the  adult  dragonfly  serves  several 
biological  functions  and  roles.  During  feeding, 
the  dragonfly  alternates  between  gliding,  powered 
flight  and  aerobatics.  During  territory  patrols, 
a  prelude  to  mating,  the  dragonfly  glides  with  an 
occasional  powered  wingbeat  sequence  to  maintain 
altitude.  In  instances  of  startle  or  predation 
threat,  episodes  of  escape  behavior  consist  of 
powered  flight  upward  at  45°  angles  mixed  with 
dramatic  aerobatics.  Mating  consists  of  ma^e  and 
female  dragonflies  flying  in  tandem  with 
cr.stont,  albeit  poorly  coordinated,  ving  motion 
•-xf.ibitud  by  one  or  both  members  of  the  union. 
1:.  all  of  the  above  circumstances,  periods  of 
iovnring  occur.  Hovering  also  occurs  as  a 
jrol.ide  to  a  dragonfly  returning  to  a  favored 
;erch  atop  a  reed. 

reduced  to  flight  modes,  the  dragonfly 
•  •:<h:Dits  escape,  gliding  ar.i  hovering.  Escape 
cor.;  : st;  of  short  duration  {1-5  secs)  episodes  of 
ig:  loplitude,  high  frequency  (-  30  Hz)  wingbeat 
•yules  that  -ropel  the  insect  at  speeds  estimated 
at  ■>  r  n  -ec”  .  Gliding  is  a  forward,  low  angle 
flight  rarely  interrupted  by  wing  motion.  This 
node  continues  for  periods  of  *0  or  more  seconds. 
A  relatively  moderate  speed  of  1  m  sec”  is 
estimated.  Hovering  is  stationary  flight  that 
a  hows  remarkable  spatial  stability  (<0.5  cm)  and 
durations  of  >  10  sec.  Slow  spatial  corrections 
.■.•cur  -ith  movements  in  all  planes  and  with 
hue.::.  :tr  .1  r  movements,  as  well.  We  Judged  that 
tr  an.  It  ions  from  one  flight  mode  to  another 
occurred  in  approximately  100  nsec.  During  most 
f 1 i0ht  modes,  the  dragonfly  body  remains  oriented 
■i  1  >^ng  the  flight  path  and  during  hovering  this 
her  i  zc  n-orier.ted  holy  position  does  not  change 
'•e-jjaril  ess  of  upward,  downward,  sideward  or 
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Flight  Characteristics  of  Unrestrained 
Dragonflies 


Modes 
1)  Escape 


Duration 
<5  sec 


££££4 


>5m  sec 


-1 


2)  Gliding  >10  sec  -1m  sec 


-1 


Mans  ms  ring 

modest; 
upward, 
forward  @45° 
angl e  from 
body  axis 

little;  low 
negative 
angle  glide 
path; 

occasional 
wing  use  to 
regain 
altitude 


3)  Hovering  >10  sec  — -  excellent 

but  slow 
movement  in 
virtually 
any 

direction  in 
any  plane 


i)  feeding  on  the  wing  consists  of  brief  bursts 
of  directions,  sharp  turns  and  rapid 
reversals  of  direction;  similar  aerobatic 
displays  observed  in  dragonfly  disputes  over 
territory 

ii)  roll  instabilities  seem  prominent 

iii)  aerobatic  displays  appear  to  be  comprised  of 
rapid  (<100  msec)  ch.,,^  from  one  flight 
mode  to  another 


Table  1.  Observed  natural  f  ight  1  haviors  of 

dragonflies.  Based  up-r.  ouserved  major 
flight  characteristics  exhibited  during 
feeding,  patroling,  territory  displays, 
mating  and  predation  avoidance,  these 
general  categories  summarize  the  most 
reliably  observed  flight  modes. 


the  wing  kinematics  of  tethered  dragonflies  to 
those  of  dragonflies  exhibiting  natural  flight. 
A  few  of  these  photographs  are  shown  in  Fig.  1. 
The  wing  positions  are  quite  similar  to  those 
;hotographed  previously  (Dal  tor,  1375;  .t’orberg, 
13  7  5).  Also,  the  same  w  i  r.  g  motion 
characteristics  are  soen  in  our  laboratory  tests. 
This  comparison  is  important  since  the  lift 
generation  measured  in  tethered  specimens 
(whether  using  normal  wing  kinematics  or  not)  was 
quite  high.  Undoubtedly,  the  wir.g-fluid 
interactions  supporting  such  high  lift  are  of 
prime  importance  but,  in  addition,  it  seems 
biologically  unlikely  that  highly  disturbed  wirg 
notions  would  be  capable  of  high  lift  generation. 
In  any  event,  the  photographs  of  natural  flight 
clearly  show  that  the  tethered  dragonflies 
exhibit,  at  our  present  level  cf  analysis,  normal 
wing  kinematics. 

The  Li be  1 1  ala  luitucsa  specimens  tested  in 
the  laboratory  for  .  imu  1  tar.cous  wing  motion  and 


sitions  photcgrapued 
lies.  The  photographs 
"sec  :>  hut  ter  speed 
no  and  natural  light, 
‘graphs  were  used  to 


Of  hoto 


.simultaneous  photographs  of  dragonfly  wing 
notions  and  photodiode  narked,  lift 
generation.  These  frontal  views  of  the 
dragonfly  revealed  wing  stroke  angles 
while  side  views  (not  shown)  revealed 
caudal-rostral  angles  as  well  as  the 
geometric  angle  of  attack  of  the  wings. 
In  these  photographs,  the  rear  wings  were 
narked  to  allow  easier  differentiation  of 
front  and  rear  wing  angles. 


box  both  wing  motions  and  oscillographic  records 
uouid  be  photographed  simultaneously.  A  typical 
series  of  wing  positions  and  associated  lift 
trcces  are  provided  in  Fig.  3*  Using  these 
photographs  and  Strobotach  illuminated  video 
tapes,  it  was  possible  to  construct  the  summary 
of  wing  kinematics  33  3hown  in  Fig.  iJ.  As  may  be 
.•cen,  the  wing  tips  trace  out  an  oval  during  each 
cycle.  Beginning  at  the  top  of  this  oval,  the 
wing  tips  move  downward  and  forward,  then  upon 
reaching  the  bottom  of  the  oval  they  twist  upward 
while  moving  backward  to  return  to  the  top  of  the 
oval.  Both  the  front  and  rear  wing  of  the  tandem 
r-i.r  whew  similar  motions,  although  the  rear  wing 
car.  lead  the  front  one  by  as  much  as  150°  In  some 
.n.tar.ces,  the  wings  are  clearly  ISO0  out  of 
:  base  with  each  other-,  so  it  is  difficult  to 
determine  which  wing  leads  through  a  typical 
wir.gbeat  cycle.  The  frequency  of  wirgbeat  cycle 
is  approximately  25-35  Hz  and  at  any  instant  is 
‘he  same  for  both  wings.  Average  wir.g  tip 
.-a loci  ties  were  about  larger  during  upstrokes 


-  370  cm  sec" 


than  during  icwr.strokes  (-260  cm 


The  model  of  wing  tip  motion  in  Fig.  5 
.  .:::.ari:es  a;  prcxicctc  angles  of  -t  ta  '  k 
... cc.tted  with  various  phases  of  a  typi  al 
« inchest  cycle.  The  ancles  indicated  are  .  1. twr 


FRONT  PAIR 
BACK  PAIR 
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time(msec) 


Fin,  i  Summary  of  two  dimensions  of  the  wing 
motions.  Using  video  tapes  and  35mm 
photographs,  the  typical  wir.g  angles  are 
indicated  across  a  full  wingbeat  cycle. 
Both  front  and  rear  wing  notions  are 
indicated  such  that  phase  angles  between 
them  can  be  determined.  These  motions  car. 
be  summarized  as  a  wing  tip  motion  which 
traces  out  an  ovoid  path  slanted  downward 
and  forward  then  upward  and  backward 
through  a  complete  wingbeat. 


angles  are  depicted  on  the  upstroke  than  the 
downstroke.  In  these  summaries,  no  attempt  has 
been  made  to  represent  wing  twisting  along  the 
spar.;  however,  a  modest  ancunt  of  twisting 
propagates  from  the  root  to  the  wing  tip  each 
time  the  wing  changes  direction  from  upstrokes  to 
dowr.strokes  and  vice  versa. 

The  lift  generation  recorded  across  all  21 
specimens  and  over  a  dozen  elicited  flight 
episodes  each  revealed  an  instantaneous  peak  cr.^e 
during  each  complete  wir.gbeat  cycle  'Fig.  {• ). 
The  average  amplitudes  of  such  lift  peaws  was 
approximately  ?  gf  1  gf  :  ?.3l  x  1C":  Thus, 
at  one  instance  during  each  wir.gbcat  cycle,  the 
tethered  dragonflies  produced  lift  forces  of 
about  20  times  the  average  body  weight.  Beth 
h’ort-erg  * ?**r  '  and  keis-Fogh  (  1973)  had  estimated 
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time  (msec) 


lumcary  of  geometric  angles  of  attack 
throughout  a  wingbeat.  These  angles  are 
indicative  of  wing  tip  characteristics  and 
lo  not  indicate  a  snail  amount  of  spanwise 
twisting.  Hypothesized  flow  and  thrust 
/ectors  are  also  indicated.  The  angle 
•epresentat  ions  are  indicated  over  a 
typical  40  asec  wirgbeat  cycle  duration  at 
ipproxinateiy  5  nsec  intervals. 


t,  ,  f  1. ;  to  counteract  gravity  arul 
.ese  lift  j  jtf  f  i  c  ient  s  were  not  possible 
appropriate  low  Reynold's  number,  steady- 
aerodyn*c i c  a  1  cu 1  at  ions.  To  conparc 
;j  lift  with  tnese  estimates,  the  average 
nod  lift  was  obtained  f r  a  the  force 
e  n.-usures  over  complete  wir.gbeat  cycles, 
the  average  sustained  lift  exceeded  twice 
agur.fly  body  we.ght.  Thus,  we  estimate 
he  tether  el  dragonflie:  tested  In  our 
■  s  must  be  exhibiting  C ,  values  of 
.mat  el v  ar.d  instantaneous  lift  value. 


£lgj_  ji  Summary  of  lift  generation  during  a 
typical  wingbeat  cycle.  All  wingbeat 
cycles  have  been  normalized  to  the 
indicated  tine  scale  to  correct  for 
variations  in  wingbeat  frequency.  As 
indicated,  lift  peaks  of  approximately  7 
>’f  are  generated  once  during  each  wingbeat 
cycle.  Such  peaxs  give  rise  to 
inordinately  high  apparent  CT  values. 


wing  maximum  lift  was  recorded  in  all  test 
episodes.  Sometimes  the  lift  peak  even  exhibited 
two  components  which  we  speculate  might  reflect 
the  peak  lift  contribution  of  the  two  wings 
moving  through  the  maximum  lift  production 
portion  of  the  wir.gbeat  cycle  at  slightly 
different  tines.  Also,  throughout  a  typical  test 
episode  variations  in  peak  lift  amplitudes 
occurred.  Such  variations  appeared  to  relate  to 
wingbeat  stroke  amplitudes  but  these 
re  1  a  t  i  onshi  ps  remain  to  be  more  carefully 
measured.  The  effect  of  wingbeat  frequency  was 
negligible  in  terms  of  instantaneous  lift  peaks 
but  did,  of  course,  have  a  direct  impact  on  total 
amount  of  lift  generated  per  unit  time. 

Anxious  to  determine  how  these  wir.g 
kinematics  produce  such  high  lift,  we  arranged  a 
flow  v vsua 1  izati cn  test  for  tethered  dragonf 1 ies. 
Thick  kerosene  smoke  delivered  .i  short  distance 
an cad  of  the  dragonflies  in  the  zero  flow 
a;  ;  arstua  was  rapidly  drawn  toward  trie  insect, 
passed  through  the  tandem  wings  and  up;  cured  as 
two  discernible  wakes  behind  the  insect*  With 
amble.'. c.  illumination,  the  laminar  stream  cf  smoke 
appears  to  run  into  an  eggbeater  and  to  emerge  as 
a  Split,  turbulent  w  a  *  e .  With  stroboscopic 
lamination,  however,  the  smoke  shows  a 
•or.s  id  crab  i  e  amount  of  identifiable  structure 
'fig.  **?.  The  upjer  wake  shows  the  effects  of 
Vertices  which  seen  to  be  decaying  while  trie 
1'  wer  w  a  «c  o  s  h  w rather  homogeneous  smoke 
distribution.-  a-  might  te  ex;«cted  from  a  ful.  y 


2  Stroboscopic  flow  visual  izations  of  wake 
structures  about  a  dragonfly  during  a 
tethered  flight  episode.  Smoke  was 
delivered  immediately  ahead  of  the 
dragonfly  wing  at  a  low  velocity. 


between  the  source  of  the  wake  vortex  structures 
ar.d  possible  wing  tip  vortices.  The  latter  moved 
ir.to  the  lower  turbulent  wake  and  were  quite 
lateral  compared  to  the  former.  Thus,  we  were 
•ibie  to  document  at  least  the  residual  evidence 
of  a  novel  fluid-wing  interaction. 

Encouraged  by  these  findings,  we  sought  a 
way  to  better  understand  the  flow-wing 
. rtcractions  employed  by  the  dragonfly  to  achieve 
1  igh  lift.  Two  approaches  were  tried:  (1)  the 
dragonfly  was  exploited  to  become  an  automation 
rode!  of  its  flight  kinematics  and  (2)  an 
oscillating  fiat  plate  model  was  used  for 
didactic  flew  visualisation.  Both  approaches  are 
ir.  their  infancy  but  Loti;  appear  to  have  good 
potential. 

The  automaton  dragonfly  approach  employs 
electrical  stimuli  delivered  directly  to  thoracic 
nearer,  oscular  systems  to  elicit  flight 
kinematics.  Appropriately  placed  electrodes  can 
yield  stimulus  acpl it  ade- dependent  control  of 
wir.gbcit  amplitude  »nd  f re  ;u«-ncy-de;  under*. 


control  of  wirtteat  fr**i"ucr.uy. 
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Fig.  8  Multiple  exposure  flow  visualizations 
about  an  automaton  model  of  the  tethered 
dragonfly.  All  but  one  forward  wing  have 
been  removed.  The  vortex  formation  is 
clearly  documented  for  a  variety  of  wing- 
flow  interactions  throughout  a  portion  of 
the  wing  stroke  cycle.  The  driven  wing 
kinematics  are  quite  similar  to  those  of 
the  uurestrained  and  tethered  (nondriven) 
dragonflies. 


overrido  the  electrical  stimuli  and  initiate 
flight  kinematics  of  varying  frequencies.  The 
dragonflies  tested  to  date  rarely  elect  to 
disrupt  our  automaton  procedures  in  this  way. 
The  result  is  a  reproducib 1 e  visualization  of 
wing-fluid  interactions  at  any  phase,  ir.  what 
appears  to  be,  a  rather  normal  wir.gbeat  cycle. 
The  preliminary  results  of  this  approach  are 
encouraging.  As  may  be  seer,  in  Fig.  3,  the 
single  front  wing  (others  removed  to  provide  flow 
simplicity)  elicits  reproducible  vertices  during 
certain  portions  of  the  driven  wir.gbeat  cycle. 
Since  the  visualizations  re; resent  S -  3 
stroboscopic  exposures  taker,  at  the  same  time 
delay  between  a  stimulus  pulse  and  the  onset  of 
illumination,  hot!)  the  automaton  characteristics 
of  the  wing  motion  and  the  reproducible 
structures  of  the  flow  are  evident.  «e  have  rvvt 
analysed  the  wing-flow  interactions  fully  but  we 
can  definitely  cite  the  presence  of  unsteady 
energized  flows  produced  by  dragonfly  wing 
kinematics.  Such  flows  are  character  1  at i ca  1  i  y 
seer.  1.  the  ..osqlete  four  wing  automaton  model  as 
we  1  1.  The  size,  shape  and  ;ositicn  cf  these 
structures,  as  suggested  by  the  visualizations, 
rr.kc  it  cion:  th.it  th«*  fl  w-wing  .f.t  eractior.s  are 
••mark  at  1  y  i .  f  f«*re:.*  from  t  *  ;  ost  u  1  a  ted  f  r 

‘he  *,ve  i  c-Yr  gh  lift  genera*.:  -r.  m«-  char,  ism  “-f.. 
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Fig.  Q  Flow  visualization  for  an  oscillating  flat 
plate.  In  these  photographs  the  vortex 
structures  elicited  by  a  thin  (-  0.5  mm) 
plate  are  shown  for  a  variety  of  stroke 
lengths  and  oscillation  frequencies. 


In  our  second  model  approach  employing  an 
oscillating  flat  plate,  we  simply  sought  a 
didactic  indication  of  flow-plate  interactions 
using  a  variety  of  thin  plates.  In  these  tests 
the  effects  of  oscillation  amplitude,  oscillation 
rate  and  plate  thickness  were  visualized. 
Anenonetry  data  were  collected  in  a  single 
dimension  using  an  overheated  miniature 
thermistor.  The  experimental  parameters  were 
quickly  reduced  to  those  which  produced  cohesive 
vortex  structures.  Within  this  parameter  range 
vortex  cohesiveness  was  rated  from  the  flow 
visualizations  and  then  plotted  in  regard  to  the 
appropriate  production  parameters.  The  results 
were  strikingly  consistent  (Fig.  9).  Very 
cohesive  structures  occurred  with  extremely  thin 
plates  (-  O.fma),  As  plate  thickness  Increased, 
both  oscillation  frequency  and  oscillation 
amplitude  improved  flow  cohesiveness.  As  plate 
thickness  decreased,  oscillation  frequency  had  a 
large  effect  on  flew  cohesivencss  but  stroke 
length  had  little  effect  (Fig.  10).  The  addition 
of  small  amounts  of  angularity  to  the  oscillating 
pi  ate  did  not  change  this  relation.  But  In 
instances  of  angularity  tnat  exceeded  20-25°,  a 
definite  net  flow  was  induced  in  the  flowfield. 

Overall,  these  observations  substantiate  an 
Informal  bias  obtained  from  flow  visualizations 
about  dragonfly  wings.  First,  the  flow  structure 
is  exceedingly  cohesive  and,  secondly,  wingbeat 
amplitude  has  little  effect  upon  such  structures. 
The  use  of  plate  angles  indicates  that  the 
oscillating  dynamics  (that  induce  an  increased  or 
decreased  angle  relative  to  flow)  can  enhance 
vortex  production  ar.d  cohes  i  •.  encss.  It  appears 
that  dragonflies  may  be  able  to  use  similar  flow 
'octroi  mechanisms.  Qther  character i st lea  cf 
this  mode*.  ystem  will  bo  presented  elsewhere 
'"li-a  ari  Luttges,  in  ;  re;  aratior.'.  feme  :f  the 
nondimer.sior.al  relationships  are  tr.tr. guing  in 
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Fig. IQ  Summary  of  stroke  length  and  oscillation 
frequency  effects  on  vortex  formation  by 
an  oscillating  flat  plate.  Approximately 
150  test  conditions  were  evaluated  for 
flow  structure  cohesiveness  prior  to  a 
quantification  (ordinal  scaling)  of  the 
relations  depicted  here. 


and  of  themselves. 


Elamaalfla 

The  relationships  between  dragonfly  lift 
generation  and  wing  kinematics  have  shown  the 
presenct  of  high  lift  once  during  each  wingbeat 
cycle.  Also,  the  total  amount  of  lift  generation 
measured  was  quite  large.  These  observations  are 
inconsistent  with  steady-state  aerodynamics  and 
indicate  that  the  dragonfly  must  employ  unsteady 
or  energised  separated  flows  to  achieve  lift. 
Such  direct  empirical  verification  of  the  need  to 
employ  alternative  lift  generation  mechanisms  has 
not  beer,  achieved  for  ether  hovering  insects. 

The  wing  kinematics  of  the  dragonfly  differ 
-  ignificar.tly  from  those  reported  for  the  Chalcid 
wu..p  (Weis-Fogh,  *?T3).  Also,  the  front  an:  rear 
-ir.gr.  operate  independently  ir.  ar.  •unlatched* 
configuration  »r.d  the  dragonfly  body  remains 
her:  rental  throughout  different  fl.gr.  t  modes: 
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hovering,  escape  and  gliding.  These  facts 
suggest  that  the  dragonfly  must  utilize  unsteady 
flows  and  related  lift  generation  mechanisms 
which  differ  substantially  from  those  of  the 
Cbalcld  wasp.  The  flow  visualization  studies 
corroborate  such  a  difference.  Visualized 
vortex-dominated  flows  are  immediately  adjacent 
to  the  wing's  mid-span.  They  persist  in  this 
spatial  relation  to  the  wing  over  an  appreciable 
amount  of  the  wingbeat  cycle.  And,  these  flows 
are  lateral ized  such  that  each  side  of  the  insect 
interacts  with  a  local  flowfield  that  is  somewhat 
independent  of  the  flowfield  on  the  other  side. 
It  is  tempting  to  speculate  that  the 
lateralization  of  flowfields  underlies  the  roll 
instabilities  seen  in  the  natural  flight  of 
dragonflies. 

Cne  major  conclusion  may  be  drawn  from  the 
above  observations:  dragonflies  use  unsteady 
mechanisms  that  differ  in  many  ways  from  those 
used  by  the  Chalcid  wasp.  Further,  it  now 
appears  lively  that  other  biological  organisms 
could  utilize  yet  other  unsteady  flow 
characteristics  to  achieve  lift  and  flight 
behaviors.  This  i3  not  a  deterrent  to  attempting 
to  understand  and,  perhaps,  emulate  the  use  of 
such  flows.  Rather,  it  is  encouraging  that  many 
exploitation  possibilities  may  exist:  each 
optimized  for  a  range  of  different  aerodynamic 
needs. 

For  us,  our  work  has  Just  begun.  Given  the 
data  at  hand,  we  must  determine  how  the  dragonfly 
produces  the  unsteady  separated  flows  we  have 
visualized.  We  must  determine  how  these  flows 
are  controlled.  And,  we  must  determine  how  such 
flows  interact  with  the  dragonfly  wings  to 
produce  the  remarkable  lift  values  we  have 
iocu-r n ted . 
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Abstract 

A  recently  developed  general  theory  of 
aerodynamics  is  utilized  in  an  investigation  of  non-linear 
unsteady  flow  problems  involving  a  non-rigid  lifting  body. 
It  is  shown  that  this  theory,  developed  on  the  basis  of 
viscous  flow  equations,  permits  the  important  interactive 
fluid  dynamic  elements  dominating  the  aerodynamics  of 
non-linear  unsteady  flows  to  be  identified  and  their 
contributions  evaluated  individually.  Closed  form 
expressions  for  the  lift,  the  drag,  and  the  power 
expenditure  of  the  Weis-Fogh  problem,  considered  as  a 
special  case  of  flexible  lifting  bodies,  are  presented  and 
discussed. 

1.  Introduction 

The  subject  of  unsteady  aerodynamics  has  been,  for 
mere  than  half  a  century,  an  active  field  of  fluid 
dynamics  research.  Previous  theoretical  and 
experimental  efforts  have  demonstrated  that,  under 
certain  restrictive  circumstances,  unsteady  flows  can  be 
approximated  by  small  departures  from  steady  or 
uniform  behavior.  The  addition  of  unsteady  phenomena 
to  steady  ones  reasonably  describe  such  flows.  The 
resulting  linearized  equations  describing  the  flews  are 
often  amenable  to  mathematical  treatment.  ^  large 
body  of  valuable  literature  has  been  developed  over  the 
years  dealing  with  various  .aspects  of  Linear  unsteady 
flows.  Most  of  the  fundamental  concepts  of  unsteady 
Hows  that  are  adequately  described  by  the  linear  theory 
are  now  well-understood.  In  contrast,  in  the  domain  of 
non-linear  unsteady  flows,  where  strong  unsteady  effects 
invalidate  the  linear  simplifications,  the  mathematical 
and  experimental  difficulties  attendant  to  a  rigorous 
treatment  of  unsteady  .aerodynamic  problems  are 
immense.  Many  of  the  essential  and  unique  features  of 
the  'yn-hnear  unsteady  flows  are  not  well -understood 
today  . 

h  recent  years,  there  has  been  a  rapid  growtn  of 
research  ac tivity  in  non-linear  unsteady  aerodynamics. 
Most  of  the  <"urrertt  te search  topi  :s  in  non-linear 
unsteady  aerodynamics  are  motivated  by  applications  in 
turbo-machines,  marine  propellers,  helicopter  rotors, 
r!t  wnere  strong  flow  ^steadiness  is  an  intrinsic  part 
of  the  overall  behavior .  The  minimization  or  alleviation 
of  large  adverse  effects  caused  by  flow-  unsteadiness  is  of 
prtM.ari  >  oiu  ern  m  these  applications.  ^  lumber  of 
rcv* **ar<  hers  fuse,  however,  undertaken  research  efforts 
aitfs  the  aspiration  of  employing  unsteady  aerodynamic 
forces  advantageously  in  die  design  of  future  air-rorne 
vehicles.  It  *s  worthy  of  note  that  the  design  of  aircraft 
if  the  past  and  present  generations  arc  conceptualized 
na*nl>  wit  Cm  the  context  of  steady  and  quasi-steady 
aerodvrurrucs.  Since  the  production  of  large  ^steady 
forces  a  invariably  associated  with  flows  in  the  non- 
Imeat  domain,  ar>  improved  understanding  of  non-linear 
jnsfeadv  aerodv  ttamic  phenomena  is  a  prerequisite  to  ihe 
advantageous  utilisation  o!  such  Iur<ei. 
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The  present  paper  describes  some  of  the  recent 
efforts  of  the  present  authors  in  establishing  an  adequate 
understanding  of  the  various  inviscid  and  viscous 
mechanisms  of  generating  unsteady  aerodynamic  forces. 
The  work  described  here  is  a  part  of  a  long  range 
research  program,  underway  since  early  1970s,  in 
computational  aerodynamics  and  in  theoretical 

aerodynamics.  This  research  program  has  progressed 

through  several  stages.  During  its  initial  stages, 
computational  and  theoretical  approaches  designed 

specifically  for  non-linear  unsteady  flow  problems  were 
conceived,  developed,  calibrated,  and  thoroughly  tested 
through  analyses  and  numerical  illustrations.  Most 
recently,  these  approaches  have  been  utilized  in  studies 
of  several  important  problems  of  non-linear  unsteady 
aerodynamics.  These  studies  demonstrated  that  a 

genera!  theory  for  aerodynamic  forces  and  moments  in 
viscous  flows,  developed  previously  by  the  first  author  of 
the  present  paper,  is  ideally-suited  for  non-linear 
unsteady  aerodynamic  problems. 

in  previous  papers^*  ,  detailed  and  rigorous 
derivations  of  the  general  aerodynamic  theory  and 
preliminary  results  of  a  theoretical  study  of  the 
vortex/airfoU  interaction  problem  have  been  presented. 
In  the  present  paper,  important  concepts  related  to  the 
application  of  this  general  theory  are  reviewed.  In 
particular,  it  is  shown  that,  with  this  general  theory,  the 
total  air  load  on  a  solid  body  can  be  divided  into  several 
components,  each  representing  the  contribution  of  a 
distinct  physical  process.  This  distinguishing  feature  of 
the  general  theory  can  be  utilized  in  the  establishment  of 
a  reasonable  understanding  of  the  detailed  mechanism  of 
production  of  aerodynamic  forces.  It  is  anticipated  that 
such  an  understanding  will  m  time  provide  a  rational 
basis  for  the  alleviation,  control,  or  utilization  of  large 
non-linear  aerodynamic  forces  in  various  applications. 

Tie  contents  of  the  present  paper  are  centered 
upon  the  theoretical  treatment  of  the  Ueis-Fogh 
problem.  Extensive  computational  efforts,  however,  are 
being  carried  out  concurrently  with  theoretical  studies. 
In  fact,  computational  results  have  provided  m  the  past 
and  are  continually  providing  important  physical  insights 
to  cristeady  aerodynamic  problems.  Numerical 
procedures  utilized  in  the  present  research  program 
emphasize  mteg-al-rej^esentation  formulations  of  tnc 
viscous  flow  equations  .  This  formulation  permits  the 
solution  field  (o  be  confined  to  the  vortical  region  of  the 
flow.  However,  once  tfve  vurtiCitv  distribution  is 
computed,  then  the  evaluation  of  the  eo-llowing 
potential  How  surrounding  the  vortical  region  u 
straightforward.  The  resulting  numerical  procedure  is 
particularly  well-suited  for  cou.putmg  high  Reynolds 
number  external  flows.  For  these  flows,  ttve  vortical 
region.  which  may  encompass  boundary  layers, 
recirculating  flow-*  and  wanes,  comprises  only  a  small 
pan  of  the  total  flow-field.  The  integral-representation 
formulation,  by  confining  the  solution  field,  leads  to 
extremely  efficient  numerical  procr-fures.  Furthermore, 
the  integral  representation  approach  permits  the 
boundary  laver  nor:.. m  .usd  the  detached  pivtov^o!  the 
vorlit'al  reg.-ivi  to  tie  Computed  irvdiv  itfuall  v  .  thus 
zlirfuia  V’g  the  difficulties  ,>f  v  mui  tuheousis 
a?  <  .♦•nrnodatmg  the  diverse  length,  vales  present  :n  the 
two  iHVtiiVis  of  the  vortical  fl.v*.  nf  ,*csc:if. 


parametric  studies  of  two-dimensional  flows  can  be 
performed  economically  using  widely  available 
computers  such  as  the  CDC-660Q  computer.  Three- 
dimensional  computations  have  been  carried  out  for 
several  flows  involving  simple  boundary  geometries.  The 
amounts  of  computation  required  for  these  flows  are  not 
unreasonable.  Computed  results  for  the  unsteady  flow 
problems  discussed  in  this  paper  and  in  Reference  3  will 
be  presented  in  future  articles.  In  th:s  connection,  it  is 
worthy  of  note  that  the  general  viscous  theory  of 
aerodynamics  used  in  the  present  study  relates  the 
aerodynamic  forces  and  moments  acting  on  lifting  bodies 
to  their  vortical  environments.  The  general  theory  and 
the  integral-representation  approach  are  therefore 
ideally  suited  for  one  another  in  a  combined  theoretical 
and  computational  research  program. 

Previous  applications*'  of  the  general  viscous 
theory  of  aerodynamics  are  concerned  with  flows  past 
rigid  lifting  bodies.  The  Weis-Fogh  motion  considered  in 
this  paper,  however,  involves  two  wings  attached  and  yet 
moving  relative  to  one  another.  The  present  study  i«,  in 
this  context,  a  precursor  to  a  more  comprehensive  study 
of  the  irsteady  aerodynamics  of  flexible  (non-rigid) 
lifting  bodies.  It  has  beer,  recognized  for  a  number  of 
years  that  unsteady  aerodynamics  of  flexible  lifting 
bodies  is  inherent  to  aquatic  propulsion  and  flight  of 
animals.  Obviously,  a  reasonable  understanding  of  the 
physical  mechanisms  of  generation  of  unsteady 
aerodynamic  forces  accompanying  large  amplitude 
motions  of  flexible  lilting  surfaces  is,  beyond  its 
biological  significances,  of  decisive  import  to  novel 
designs  of  airborne  vehicles  utilizing  large  insteady 
forces. 

2.  Vortnitv  Dynamics 

Unsteady  incompressible  motions  of  viscous  fluid 
are  governed  by  the  law  of  mass  conservation  and 
Newton's  laws  of  motion.  The  mathematical  statements 
of  these  laws  are  familiarly  expressed,  in  terms  of  the 
velocity  vector  v  and  the  pressure  p,  as  the  continuity 
and  die  Navier-Stokes  equations.  It  is  however, 
advantageous  to  introduce  the  concept  of  vorticity 
vector  ->  defined  by 

7  x  v  t  2  (1) 

and  to  consider  the  verticitv  transport  equation 

jj  *  (J*7)v -(C*7  *  v72^  (2) 

There  are  several  major  advantages  m  the  use  of 
trie  concept  of  vorticity.  In  the  first  place,  the 
remarkab‘e  success  of  the  well-known  circulation  theory 
m  predicting  the  lift  force  implies  that  the  vorticity  of 
! fir  flow,  which  ultimately  sriould  be  responsible  for  the 
circulation,  is  accountable  for  forces  exerted  by  the  fluid 
on  arrodynatnic  surfaces.  Secondly,  it  is  well  known  that 
viscous  effects  are  present  only  m  the  vortical  part  of 
the  flow.  This  fact  suggests  that  it  is  possible,  m 
studying  flows  about  solid  body,  to  confine  the  solution 
to  the  viscous  region  of  the  flow  through  the  use  of  the 
vorticity  concept.  Thirdly,  the  concept  of  vorticity 
permits  the  overall  flow  problem  to  be  decomposed  into 
a  kinematic  aspect  and  a  kinetic  aspect.  This 
dc.  omposition  facilitates  the  identification  o!  important 
physical  processes  associated  with  various  types  of  flows. 
These  major  advantages  offered  by  the  use  of  the 
vorticity  concepts  have  been  employed  by  the  prt-ent 
a  ittvors  in  studies  of  unsteady  aerodynamic  problems.  In 
particular,  the  first  advantage  huv,vieldcd  the  general 
viscous  theory  of  act ody lumu s“  and  the  sen  ond 
advantc.gr  the  integral  representation  approach  for 
computing  vis.ous  flows.  The  third  advantage  has  bren 


utilized  previously  in  studies  of  various  steady  and  time- 
dependent  flow  problems.  This  advantage  is  briefly 
reviewed  below. 

The  kinematic  aspect  of  the  viscous  flow  problem 
is  described  by  Eq.  (1)  and  the  continuity  equation.  This 
aspect  expresses  the  instantaneous  relationship  between 
the  velocity  field  and  the  vorticity  field.  The  kinetic 
aspect  of  the  problem  is  described  by  Eq.  (2).  This 
aspect  is  concerned  with  the  redistribution  of  vorticity  in 
the  fluid  through  various  kinetic  processes.  In  studies  of 
unsteady  flows,  it  is  convenient  to  follow  the  kinetic 
development  of  the  vorticity  field  in  the  fluid.  A 
knowledge  of  the  velocity  field  is  needed  in  the  solution 
ot  the  vorticity  transport  equation.  This  velocity  field  is 
kinematically  a  function  of  the  vorticity  field.  The 
vorticity  transport  equation  is  non-linear  and  its 
mathematical  analysis  presents  great  difficulties.  It  is, 
however,  possible  to  obtain  a  significant  amount  of 
understanding  about  the  kinetic  processes  involved  in 
unsteady  flows  without  detailed  mathematical  analyses. 

Consider  a  finite  solid  body  immersed  in  an  infinite 
incompressible  fluid  with  uniform  viscosity.  The  solid 
body  is  initially  at  rest  in  the  fluid  which  is  also  at  rest. 
Subsequent  prescribed  motion  of  the  solid  body  induces  a 
corresponding  unsteady  motion  of  the  fluid.  It  has  been 
shown  that  vorticity  is  neither  ^reated  nor  destroyed  in 
the  interior  of  the  fluid  domain  .  Vorticity,  however,  is 
continually  being  generated  at  the  solid  boundary  in 
contact  with  the  fluid  following  the  initiation  of  the  solid 
motion.  This  vorticity  spreads  into  the  interior  of  the 
fluid  by  the  process  of  viscous  diffusion  and,  once  there, 
is  transported  away  from  the  solid  surface  by  both 
convection  and  diffusion.  Since  the  transport  oi 
vorticity  by  convection  is  a  finite  rate  process  and  that 
by  diffusion  is  effectively  finite  rate,  the  vortical  region 
of  the  flow  is  of  finite  extent  at  any  finite  time  level 
after  the  initiation  of  the  solid  motion.  Outside  the 
vortical  region,  the  flow  is  irrotational  and  therefore 
inviscid.  If  the  flow  Reynolds  number  is  not  small,  then 
the  effective  rate  of  viscous  diffusion  is  much  smaller 
than  that  of  convection.  Therefore,  a  large  region  of  the 
fluid,  ahead  and  to  the  side  of  the  solid,  is  free  of 
vorticity  and  is  inviscid. 

The  general  pattern  of  unsteady  flow  development 
can  be  briefly  described  as  follows.  As  a  consequence  of 
the  solid  motion  relative  to  tlie  fluid,  vorticity  is 
generated  continually  at  the  fluid/solid  interface.  Once 
generated,  the  vorticity  moves  along  the  solid  surface  as 
long  as  the  flow  remains  attached.  That  is,  since  the 
effective  rate  of  viscous  diffusion  is  much  smaller  than 
»hat  of  convection,  the  vorticity,  generated  on  the  solid 
surface,  cannot  penetrate  far  into  the  interior  of  the 
fluid  domain  before  being  carried  downstream  by  the 
fluid  motion.  A  thin  layer  of  vorticity  a  4 '-seen t  to  the 
solid  boundary  is  therefore  present.  This  layer  is  simply 
the  well-known  boundary  layer.  The  vorticity  within  the 
boundary  layer  continually  moves  downstream  with  the 
fluid  and,  at  the  same  time,  is  continually  being 
replenished  through  the  generation  of  vortici’y  on  the 
solid  surface.  This  process  of  replenishment  is  present  in 
both  steady  and  unsteady  flows.  In  steady  flows,  the 
replenishment  process  and  the  vorticity  transport  process 
balance  one  another  and  the  vorticity  distribution  m  the 
boundary  laver  is  independent  of  time  in  a  reference 
fra  nr  attached  to  tne  solid.  In  unsteady  flows,  the 
replenishment  and  transport  processes  do  not  balance  one 
another  and  vorticity  distribution  in  the  boundary  layer  is 
time-dependent.  In  both  steady  and  unsteady  flows, 
because  the  boundary  layers  are  thm,  it  a  often 
convenient  to  represent  the  vorticity  m  the  layers  by 
vortex  sheets. 

The  representation  of  4  boundarv  laser  bs  a  vortex 
sheet  ::i  the  present  context  does  -sot  itnplv  m  inviscid 
fluid  assumption.  Rather.  this  representat.on 


approximates  the  location  of  the  vorticity  across  the 
boundary  layer  by  a  given  point  adjacent  to  the  solid 
surface.  The  strength  of  the  concentrated  vortex  sheet 
is  simply  the  integrated  vorticity  across  the  boundary  lay¬ 
er.  The  vortex  sheet  moves  along  the  solid  surface.  The 
distinction  between  the  inviscid  assumption  and  the 
present  approximation  is  not  merely  a  matter  of 
semantics.  While  the  two  concepts  often  lead  to  the 
same  conveniences  in  analyses  and  computation,  the 
present  approximation  is  based  on  a  viscous  flow 
viewpoint  and  experiences  no  conceptual  difficulties 
associated  with  previous  inviscid  theories. 

The  vorticity  in  the  boundary  layer  eventually 
leaves  the  vicinity  of  the  solid  surface  through  several 
possible  avenues.  If  no  massive  separation  of  the  flow 
occurs  on  the  solid  surface,  then  the  vorticity  in  the 
boundary  layer  eventually  feeds  into  a  wake  layer.  This 
occurs,  for  example,  in  the  case  of  a  thin  airfoil  at  a 
small  angle  of  attack.  The  two  boundary  layers  at  the 
two  sides  of  the  airfoil  in  this  case  merge  at  the  trailing 
edge,  with  both  layers  feeding  vorticity  into  the  wake 
layer.  In  steady  flows,  the  total  flux  of  vorticity  entering 
the  wake  is  zero.  In  unsteady  flows,  a  net  flux  of 
vorticity  enters  the  wake.  Since  the  boundary  layers  are 
thin,  the  wake  layer,  which  is  a  continuation  of  the 
boundary  layers,  is  also  thin  initially.  As  the  vorticity 
layer  moves  away  from  the  solid  through  the  convective 
process,  viscous  diffusion  produces  only  a  slow  growth  in 
the  thickness  of  the  wake  layer.  In  consequence,  it  is 
reasonable  in  many  applications  to  represent  the  wake 
layer  also  by  a  vortex  sheet.  The  wake  layer  is  usually 
unstable.  The  velocity  field  associated  with  the  vorticity 
in  the  wake  layer  causes  the  wake  layer  to  "roll-up"'.  If 
the  roll-up  process  xrcurs  at  a  large  distance  from  the 
solid,  then  it  is  reasonable  to  represent  the  rolled-up 
vorticity  by  a  single  vortex  filament  in  analyzing  the 
flow  near  the  solid.  If  the  roll-up  process  occurs  near 
the  solid,  however,  then  detailed  structure  of  the  rolled- 
up  vorticity  may  be  necessary.  In  any  event,  the  total 
strength  of  the  rolled-up  vorticity  needs  to  be  known  in 
order  to  determine  correctly  the  aerodynamic  forces 
actinv  on  the  solid.  For  three-dimensional  flows,  the 
vorticity  in  the  boundary  layer  leaves  the  vicinity  of  the 
solid  surfaces  also  through  the  formation  of  tip  vortices 
which  usually  roll  up. 

In  applications  where  flow  separation  is  an 
important  feature,  the  representation  of  the  vorticity  in 
tfve  boundary  layer  part  of  the  flow  by  a  vortex  sheet  is 
still  permissible.  Quantitatively  accurate  solution  to  the 
flow  problem  in  this  case  requires  a  knowledge  of  the 
detailed  vorticity  distribution  in  the  separated 
(recirculating)  part  of  the  flow.  This  distributed 
vorticity  is  not  accurately  represented  by  concentrated 
v'vii*!  sheets  or  vortex  filaments.  It  is  well  known, 
however,  that  in  unsteady  flows  v‘r*«*x  assemblies  often 
move  more  or  less  as  an  entity.  In  consequence. 

onsiderable  physical  insight  can  be  gained  through  a 
vortex  sheet  filament  representation  even  in  cases  of 
flows  ontaimng  massive  separated  regions. 

3.  Aerodynamic  Theoi  y  for  Visions  Flows 

Aerodynamic  forces  and  moments  acting  on  solid 
bodies  immersed  and  moving  in  viscous  fluids  can  be 
determined,  m  principle,  through  a  quantitative 
knowledge  of  the  detailed  fluid  motion  around  the  bodies. 
The  acquisition  of  deta.led  information  about  the  real 
Slow  field  associated  with  lifting  surfaces,  however, 
presents  immense,  often  insurmountable,  mathematical 
and  experimental  difficulties.  Historically,  therefore, 
!>  most  remarkable  advances  m  aerodynamics  were 
brought  about  bv  aerrvjv rvamu  ists  who  perceived 
spproaches  for  the  prediction  of  aerodsnamic  forces  and 
moments  that  avoid,  as  moth  us  possible,  entanglement 


with  the  details  of  the  fluid  motion.  In  particular,  the 
circulation  theory  is  known  to  predict  the  lift  force 
accurately  for  certain  types  of  lifting  surfaces,  e.g.,  thin 
an  toils  with  sharp  trailing  edges,  under  certain  flow 
environments,  e.g.,  small  angles  of  attack. 

The  circulation  theory  is  today,  as  it  was  fifty 
years  ago,  the  foundation  of  accepted  theories  of 
aerodynamics.  Considerable  vneertainties  and 
conceptual  difficulties,  however,  exist  regarding  the 
application  of  the  circulation  theory  in  cases  where  the 
lifting  surface  does  not  possess  a  sharp  trailing  edge  or 
where  more  than  one  trailing  edge  is  present,  where 
massive  flow  separation  occurs,  and  where  the  lifting 
surface  is  three-dimensional  and  its  motion  is  time- 
dependent.  These  uncertainties  arise  mainly  because  of 
the  perfect-fluid  assumption  in  the  mathematical 
development  of  the  theory.  The  viscous  origin  of 
circulation  has  been  long  recognized  and  several  well- 
known  vwjrks,  e.g.,  by^Von  Karman  and  Millikan/  by 
Howarth  ,  and  by  Scars7,  nave  dealt  with  certain  aspects 
of  viscous  phenomena  that  produce  circulation.  A 
thorough  inderstanding  of  the  viscous  mechanisms  of 
generation  of  steady  and  time-dependent  aerodynamic 
forces,  however,  is  not  available  and  it  is  usually 
difficult  to  interpret  the  application  of  the  circulation 
theory  as  an  approximation  of  the  viscous  flow 
phenomena.  _ 

A  general  theory^  for  aerodynamic  forces  and 
moments  in  viscous  flows  was  rigorously  established 
recently  on  the  basis  of  the  Navier-Stokes  and  continuity 
equations.  No  simplifying  assumptions,  other  than  those 
contained  in  the  Navier-Stokes  equations,  were 
introduced  in  the  derivation  of  this  theory. 

The  general  theory  comprises  the  following  three 
mathematical  statements: 
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where  R  m  is  the  infinite  unlimited  regio^  jointly 
occupied  by  the  fluid  and  the  solid  bodies:  F  is  the 
aerodynamic  force  acting  on  the  solid  bodies;  d  is  the 
dimensionality  of  the  problem,  i.e.,  d  =  2  for  two- 
dimensional  flows  and  d  i  3  tor  three-dimensional  flows, 
r  is  a  position  vector;  R  is  the  region  occupied  by  the 
so  lid  bodies,  and  M  is  th^  moment  o!  aerodynamic  force 
acting  on  the  solid  bodies. 

Equations  (3),  (4)  and  (3)  are  valid  for  the 

•^compressible  motion  of  an  infinite  fluid  with  uniform 
viscosity  and  with  one  or  more  aolid  bodies  immersed  m 
the  fluid.  The  motions  are  considered  to  sia^t  from  rest 
arid  are  generally  time-dependent.  Steady  flows,  when 
they  exist,  are  considered  to  be  approached 
asymptotically  at  large  time  levels  after  the  onset  of  the 
motion.  Equation  (3)  stales  that  the  combined  total 
vorticity  of  the  fluid  and  the  solid  bodies  is  zero.  The 
vorticity  m  the  solid  bodies,  as  defined  by  Eq.  (1),  is 
simply  twice  the  angular  velocity  of  the  solid  bodies.  In 
cases  where  the  region  occupied  by  the  solid  bodies  is 
negligibly  small,  or  where  the  solid  bodies  undergo  only 
translational  motions,  the  vort;c:tv  «n  the  solid  vanishes 
and  the  total  vorticity  :n  the  fluid  is  zero.  For  these 
j»ses,  existing  inviscid  aerodynamic  theories  correctly 
r-quire  the  total  irculanon  of  the  »hole  system, 
including  the  bound  vortex,  the  starting  vortex  and  the 
wake  vortices,  to  be  Zero.  The  effects  of  rotation  of  the 
solid  Vdies  and  of  distributed  vorticitv,  correct!*  given 


by  Eqs.  (3)  are  generally  not  included  in  inviscid  analyses. 

Equation  (4)  states  that  the  aerodynamic  force 
acting  on  the  solid  bodies  is  composed  of  two 
contributions.  The  first  term  on  the  right  side  of  Eq.  (4) 
gives  the  contribution  of  the  time  variation  of  the  first 
moment  of  the  vorticity.  The  second  term  gives  the 
contribution  of  the  inertia  force  of  the  fluid  displaced  by 
the  solid  bodies.  Equation  (5)  states  that  the  moment  of 
aerodynamic  force  is  composed  of  two  contributions,  a 
contribution  of  the  total  second  moment  of  the  vorticity 
field  and  a  contribution  of  the  momen.  of  inertia.  The 
inertia  terms  in  Eqs.  (6)  and  (7)  of  course  vanish-  in 
cases  where  the  solid  region  is  negligibly  small  or  where 
the  i^lid  bodies  experience  no  acceleration. 

As  discussed  earlier,  it  is  convenient  to  divide  the 
overall  unsteady  flow  problem  into  its  kinetic  and 
kinematic  aspects.  The  general  theory  described  here 
relates  the  insteady  aerodynamic  forces  and  moments 
acting  on  the  solid  bodies  to  the  kinetic  development  of 
the  vorticity  field.  The  task  of  analyzing  the  kinetics 
and  the  kinematics  of  the  flow  remains. 

It  is  clear  from  the  general  theory,  that  all  the 
information  about  aerodynamic  forces  and  moments  are 
contained  in  the  time-dependent  vorticit>  environment 
of  the  lifting  body.  No  information  about  the  potential 
field  surrounding  the  vortical  region  is  needed  in  the 
theory.  Under  certain  restrictive  circumstances,  it  is 
possible  to  specify  the  vorticity  field  approximately 
without  actually  solving  the  vorticity  transport  equation. 
The  general  theory  described  above  then  permits  the 
unsteady  aerodynamic  forces  and  moments  to  be 
'  -termined  in  a  straightforward  manner. 

It  i^eeds  to  be  emphasized,  even  at  the  risk  of 
appearing  repetitive,  that  the  general  theory  described 
above  is  exact  in  that  it  is  an  exact  consequence  of  the 
viscous  flow  equations.  This  fact,  however,  does  not 
inrubit  the  introduction  of  approximations  to  the 
equations  given  m  this  section.  As  discussed  in  Section  2 
of  this  paper,  the  word  "approximation”  .s  used  here  to 
indicate  that  the  precc  •  distribution  of  the  vorticity  in 
the  fluid  is  compromised  in  exchange  for  convenience  in 
the  evaluation  of  unsteady  aerodynamic  forces  and 
moments.  Through  this  approximation,  the  general 
trteorv  offers  an  opportunity  of  establishing  important 
physical  insight  to  tne  mechanisms  of  generation  of  large 
unsteady  aerodynamic  forces.  This  opportunity  is 
available  even  witn  relatively  imprecise  approximations 
of  tne  vortK.ty  distribution.  1  inder  circumstances  where 
tne  vorticity  distributions  can  be  accurately 
approximated,  the  general  theorv  leads  to  accurate 
predictions  of  unsteady  aerodynamic  forces  and 
moments  in  both  the  linear  and  the  non-linear  domains. 

The  approximations  to  the  general  theory,  are 
conceptually  different  from  the  inviscia  fluid  assumption 
which  is  the  tasis  of  classical  theories.  Since  a  truly 
mvisetd  fluiu  Joes  not  exist  in  nature  and  since  the  limit 
of  vanishingly  small  viscosity  is  distinct  from  a  zero 
viscosity,  the  success  of  the  inviscid  theories  must 
depend  n>on  the  auspicious  circumstance  that  inviscid 
conclusions  coincide  with  certain  approximations  of 
yiscou^  conclusions.  The  general  viscous  theory  has  been 
shown"",  indeed,  to  yield,  at  various  levels  of 
approximation,  well-known  conclusions  of  classical 
inviscid  theories. 

For  high  Reynolds  number  external  flows 
containing  no  appreciable  regions  of  separation,  as  that 
described  1.1  Section  2,  the  vorticity  distribution  m  the 
fluid  is  accurately  represented  by  vortex  sheets  and 
vortex  filaments.  The  integrals  m  Eqs.  \3),  (4),  and  (5) 
over  the  region  R.  then  reduces  to  integrals  over 
surfaces  m  tnrec-dimensional  flows  and  over  lines  in 
two-^mensionai  flows.  Under  these  circumstances,  the 
anaivses  oecornc  considerably  simpler.  To  deter  nine 
the  aerodynamic  force,  the  following  approximation  of 


Eq.  (4)  may  be  used: 
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where  W  is  the  wake  surfaces  (or  lines)  including  rip 
vortex  sheets  and  starting  vortex  where  they  exist,  and 
S+  is  a  surface  enveloping  the  solid  surface  S  and  at 
infinitesimal  distance  from  S.  The  distinction  between  S 
and  S*  is  conceptually  important.  With  the 
approximation  discussed,  the  vortex  sheet  represents  the 
boundary  layer  vorticity  which  is  in  the  fluid  domain. 
The  velocity  of  the  vortex  sheet  is  different  from  the 
solid  surface  velocity. 

In  Eq.  (6),  the  vortex  sheet  on  S  approximates  the 
boundary  layer  adjacent  to  the  solid  surface.  The  vortex 
strength  y  on  S  is  therefore  the  integrated  vorticity 
across  the  thickness  of  the  boundary  layer.  To  the 
accuracy  of  the  boundary  layer  approximation,  the 
vorticity  is  the  negative  of  the  normal  derivative  of  the 
velocity  component  in  the  direction  tangent  to  the  solid 
surface.  One  therefore  obtains,  upon  integrating  the 
vorticity  along  the  normal  direction, 


Y<s>  =  *  v$(s,  5)  +  v$(s,  0)  (7) 

where  s  in  the  boundary  layer  coordinate  tangential  to 
the  solid  surface  v  is  the  tangential  velocity 
component,  5  is  the  normal  coordinate  at  the  edge  of  the 
boundary  layer  and  0  is  the  normal  coordinate  on  the 
solid  surface.  If  v  (s,  0)  =  0,  then  y  is  s.mply  the 
negative  of  the  boundary  layer  edge  velocity. 

Equation  (7)  is  easily  generalized  to  three- 
dimensional  applications.  According  to  Eq.  (7),  the 
vortex  sheet  on  the  solid  surface  represents  a 
discontinuity  in  tangential  velocity  betw-een  the  solid  and 
the  inviscid  flow  surrounding  the  boundary  layer.  This 
discontinuity  is  consistent  with  the  approximation  of  the 
boundary  layer,  whici.  possesses  a  finite  albeit  small 
thickness,  by  a  sheet.  This  approximation  of  course  is 
not  suitable  for  the  computation  of  the  kinetic  transport 
of  vorticity  within  the  boundary  layer.  The 
approximation,  nevertheless,  is  well-suited  for  the 
computation  of  aerodynamic  forces.  In  many 
applications,  distribution  of  the  vortex  stiength  on  the 
solid  can  be  computed  without  actually  performing 
boundary  layer  calculations.  For  example,  if  the 
vorticity  distribution  in  the  detached  part  of  the  flow  is 
known,  then  the  strength  of  the  vortex  sheet  on  S  is 
uniquely  determined,  as  discussed  in  Rei.  5,  without 
computing  the  detailed  flow  within  the  boundary  layer. 
It  :s  mentioned  in  passing  that  the  concept  described  ir, 
Rel.  3  is  similar  to  that  used  in  the  panel/vortex  lattice 
methods  currently  receiving  a  great  deal  of  attention 
vithin  the  aerodynamics  community.  In  many  existing 
panel  codes,  fictitious  source-sink  distributions  over  S 
are  used.  It  is  not  difficult  to  show  ,  however,  that 
these  source-sink  distributions  are  equivalent  to  vortex 
distributions  over  S.  The  vortex  distributions  over  S,  as 
discussed  earlier,  are  approximations  of  real  vorticity  in 
the  boundary  laver.  romputationally,  the  use  of  vortex 
distributions  over  S  is  as  convenient  as  the  use  of  source- 
sink  distributions  .  Also,  in  vortex  lattice  methods,  the 
vortices  in  the  interior  of  the  fluid  domain  are  usually 
allowed  to  convect  but  not  to  diffuse.  This  restriction, 
however,  is  n^t  necessary  and  can  be  removed  in  viscous 
computations  . 

Once  the  vortex  distributions  over  S  and  U  are 
computed,  Eq.  (6)  immediately  gives  the  aerodynamic 
force  f.  The  use  of  Eq.  (6)  clearly  offers  distinctive 
advantages  over  the  prevailing  surface  oressure-shear 
stress  integration  method  since,  with  Eq.'  <6),  both  the 
unsteady  efrag  and  the  lift  can  be  evaluated  in  a 
straightforward  manner  directly  from  the  vortex 


distributions. 

In  general,  the  vortical  region  in  the  fluid  is 
composed  of  a  vortical  system  near  the  solid  bodies  and  a 
vortical  system  trailing  the  solid  bodms.  The  near 
vortical  system  in  general  contains  attached  boundary 
layers  and  detached  recirculating  flows.  The  vorticity  in 
the  trailing  vortical  system  represents  the  vorticity  shed 
from  the  near  vortical  system  at  previous  time  levels. 
Shortly  after  the  initiation  of  the  motion  of  a  solid  body, 
the  vorticity  region  is  confined  to  thin  layers  near  the 
solid  body.  In  the  case  of  a  lifting  body,  a  concentrated 
dose  of  vorticity,  i.e.,  a  starting  vortex,  leaver  the 
vicinity  of  the  body  shortly  after  the  motion's  onset.  The 
average  velocity  of  this  starting  vortex  is  initially  one 
half  of  the  freestream  velocity.  This  fact  is  consistent 
with  the  well-known  Wagner's  effect  and  can  be  shown  by 
analyzing  the  vorticity  distribution  in  the  boundary  layer 
as  it  leaves  the  solid  body's  trailing  edge.  With 
increasing  time,  the  starting  vortex  moves  in  the  general 
downstream  direction,  becomes  diffused,  and  approaches 
the  velocity  of  the  freestream.  Between  the  starting 
vortex  and  the  near  vortical  system  is  stretched  the 
remainder  of  the  trailing  vortical  system  which,  for 
convenience,  is  called  the  vortical  wake.  The  line  of 
demarcation  between  the  near  vertical  system  and  the 
wake  need  not  be  delineated  precisely.  The  division  of 
the  overall  vortical  system  into  its  several  components  is 
extremely  useful  since,  with  the  general  viscous 
aerodynamic  theory,  the  contributions  of  each  of  these 
components  to  the  aerodynamic  force  and  moment  can 
be  considered  individually.  For  example,  with  Eq.  (4), 
the  integral  over  R,  can  be  written  as  the  sum  of  four 
integrals  over,  respectively,  the  unsteady  boundary 
layers,  the  recirculating  regions,  the  vortical  wake,  and 
the  starting  vortex.  By  separating  the  overall 

aerodynamic  force  into  contributions  by  the  several  flow 
components,  considerable  physical  insights  can  be 
developed. 

In  the  case  of  a  high  Reynolds  number  flow' 

containing  no  appreciable  recirculating  regions,  Eq.  (6) 
shows  that  the  overall  aerodynamic  force  is  composed  of 
four  contributions.  The  first  contribution,  represented 
by  the  vortex  moment  integral  over  S+,  is  due  to  the 
development  of  the  unsteady  boundary  layer.  The  second 
and  third  contributions  are  due  to,  respectively,  the 

movements  of  the  wake  and  the  starting  vortex,  and  are 
represented  b'  the  vortex  moment  integral  over  W.  The 
fourth  contribution  is  due  to  the  solid  body  acceleration. 

The  preceding  discussion  concerning  the 

aerodynamic  force  is  applicable  also  to  the  moment. of 
aerodynamic  force.  In  the  case  of  a  high  Reynas 
number  flow  containing  no  appreciable  recirculating 
regions,  Eq.  (5)  yields  an  equation  expressing  ?hn  terms 
of  vortex  sheet  strengths  over  S*  and  W  and  the  effects  of 
solid  body  acceleration. 

4.  Weis-Fogh  Mechanism  ^ 

It  is  well-known  that,  according  to  inviscid  theories, 
steady  lift  force  acting  on  an  airfoil  is  proportiorul  to 
the  circulation  around  the  airfoil.  For  an  airfoil  initially 
at  rest  and  is  set  into  motion  impulsively,  the  circulation 
is  developed  through  the  shedding  of  a  starting  vortex. 
That  is,  because  of  the  need  to  conserve  total  vorticity, 
tlie  acquisition  of  a  circulation  around  an  airfoil  is 
accompanied  by  the  release  of  a  starting  vortex.  The 
circulation  around  the  starting  vortex  is  equal  in 
magnitude  and  opposite  in  sense  to  the  circulation 
acquired  by  the  airfoil.  The  process  of  vortex  shedding  is 
not  difficult  to  understand  in  the  context  of  viscous  flow-. 
Indeed,  the  starting  vortex  is  a  direct  consequence  of  the 
unsteady  boundary  layer  activities  around  the  airfoil. 
There  exist,  however,  conceptual  difficulties  in 
understanding  the  process  of  vortex  shedding  in  the 


context  of  an  inviscid  fluid,  i.e.,  a  fluid  with  a  zero 
viscosity  rather  iJian  a  vanishingly  small  viscosity. 

Weis-Fogh11  observed  that  certain  types  of  insects, 
e.g.f  Encarsia  Formosa,  with  a  pair  of  wings  pivoted 
together  at  their  trailing  edge,  rotate  their  wings 
individually  in  opposite  directions.  The  rotation 
generates  a  circulation  about  each  wing.  If  the  two 
wings  are  identical  in  shape  and  their  rotational  speed  is 
identical,  then  the  circulation  magnitude  of  each  wing  is 
equal  to  that  of  the  other  wing.  The  senses  of  the 
circulations  of  the  two  wings  are  opposite  to  one 
another.  Because  of  symmetry,  no  trailing  edge  shedding 
of  vortices  occurs.  In  fact,  if  vortices  were  shed  from 
the  trailing  edges  of  the  two  wings,  they  would  annihilate 
one  another  because  they  are  of  opposite  senses. 

Weis-Fogh  described  the  above  mentioned 
mechanism  of  generating  circulation  as  the  "fling"  phase 
of  a  fling-clap  cycle.  At  the  beginning  of  the  cycle,  the 
two  wings  are  dose  to  each  other.  The  wings’  leading 
edges  separate  from  one  another  as  the  wings  fling  apart, 
i.e.,  rotate  about  their  trailing  edges  and  open  up  into  a 
V  shape.  After  reaching  a  certain  opening  angl<\  the  two 
wings  break  apart  and  move  in  opposite  directors  around 
the  body  of  the  insect.  The  wings  eventually  flip  and 
return  to  their  initial  position  through  a  clap  motion.  In 
this  paper,  the  fling,  or  opening,  phase  of  the  motion  is 
examined.  The  analyses  presented,  however,  is  obviously 
also  applicable  directly  to  the  clap  phase  of  the  motion. 

The  two-dimensional  definition  of  the  Weis-Fogh 
motion  is  given  in  detail  by  Ligh thill  .  The  fling  phase 
of  the  motion  is  shown  schematically  in  Figure  1,  where 
the  wing  pair  is  modeled  by  a  pair  of  flat  plates  of  chord 
c.  The  points  A.  and  A2  are  stationary  and  are  the 
junctures  of  the 1  two  wings,  with  A,  on  the  upper 
surfaces  and  A.  on  the  lower  surtaces  of  the  wings. 
During  the  fling  phase,  the  wings  rotate  about  the  points 
Aj  and  A2  with  a  angular  velocity 

ft  =  k  (S) 

where  a  is  the  half  angle  of  the  opening  of  the  wing  pair. 
The  motion  is  symmetric  about  the  line  EF.  The  fluid 
infinitely  far  from  the  wing  pair  is  stationary.  Each  of 
•he  two  wings  acquires  a  circulation  during  the  fling 
phase.  Since  the  two  circulations  of  the  two  wings  are 
equal  in  magnitude  and  opposite  in  sense,  the  total 
circulation  about  the  two  wings  is  zero.  At  the  moment 
of  breaking  apart  of  the  wings,  each  wing  possesses  a 
circulation  suitable  for  generating  lift  during  its 
subsequent  motion.  It  is  easy  to  see  ihdi  if  the  range 
0  <  a  <  ^  corresponds  to  the  fling  phase,  then  the  range 
^  <  <1  <  n  corresponds  to  the  clap  phase  of  the  Weis-Fogh 
motion.  12 

Lighthill1  emphasized  the  absence  of  the  trailirg- 
edge  shedding  of  vortices  in  the  Weis-Fogh  motion.  He 
indicated  that  it  is  remarkable  that  the  Weis-Fogh 
mechanism  works  "for  a  fluid  of  zero  viscosity;  not 
simply  in  the  limit  of  vanishing  viscosity".  He  presented 
a  two-dimensional  inviscid  analyses  which  showed  that 
the  circulation  around  each  wing  during  the  fling  phase  is 
proportional  to  the  wings'  angular  velocity  ft  and  to  a 
function  of  the  opening  angle  a  of  the  wings.  He 
expressed  this  function  in  the  form  of  an  integral  and 
presented  computed  results  for  this  function.  Edwards 
and  Cheng1  recently  extended  Lighthill's  work  and 
presented  a  closed  form  expression  for  the  wing's 
circulation  during  the  fling  phase. 

Although  vortices  are  not  expected  to  be  shed  at 
the  trailing  edges  of  the  two  wings  during  the  fling 
phase,  the  rotation  of  the  wings  an  ay  cause  leading  edge 
shedding  of  vortices,  lighthill1^  examined  this  leading 
edge  separation  phenomenon  .and  concluded  that  its 
effect  on  the  wing's  circulation  is  weak.  Subsequent 
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experiments  by  Maxworthy  ,  however,  showed  a 
substantial  effect  of  the  leading-edge  separation. 
Results  of  a  recent  study  by  Edwards  and  Cheng  ^  are  in 
general  agreement  with  Maxworthy's  observation  . 

Weis-Fogh  suggested  that  the  opening  of  the  wing 
pair  causes  the  necessary  circulation  to  be  generated 
immediately  and  thus  avoiding  any  delays  in  the  build-up 
of  the  maximum  lift  required  by  the  well-known  Wagner's 
effect.  Also,  in  the  case  of  the  conventional  wing, 
substantial  work  must  be  done  by  the  wing  on  the  fluid  to 
provide  the  kinetic  energy  associated  with  the  starting 
vortex.  In  consequence,  the  wing  experiences  a  large 
unsteady  drag  immediately  after  the  start  of  its  motion. 
Since  the  starting  vortex  is  absent,  the  Weis-Fogh  wing  is 
not  expected  to  experience  a  large  drag  immediately 
after  the  breakup  of  the  wing  pair.  To  the  present 
authors'  knowledge,  although  the  problem  of  generation 
of  circulation  on  the  wing  pair  has  received  the  attention 
of  previous  investigators,  the  questions  of  unsteady  lift 
force,  unsteady  drag  force,  and  power  expenditure 
experienced  by  the  wings  during  the  fling  phase  of  the 
Weis-Fogh  motion  have  not  been  resolved.  Answers  to 
these  questions  are  important  in  establishing  a 
comprehensive  understanding  of  non-linear  unsteady 
aerodynamics  and  in  future  utilization  of  large  unsteady 
aerodynamic  forces. 

For  the  problem  under  consideration,  the  processes 
of  generation  and  transport  of  vorticity  described  in 
Section  2  of  this  paper  lead  to  an  'unsteady  boundary 
layer  wherever  the  flow  near  the  solid  surface  is 
essentially  tangential  to  the  surface.  The  thickness  of 
this  boundary  layer  is  comparable  to  the  diffusion  length 
(  ut)  where  t  is  the  time  duration  of  the  fling  phase  of 
the  Weis-Fogh  motion.  If  this  diffusion  length  is  much 
smaller  than  the  chord  of  the  wings,  then  the  boundary 
layer  vorticity  is  accurately  approximated  by  a  vortex 
sheet.  For  the  present  problem,  flow  near  the  lower 
surface  of  die  wing  is  expected  to  remain  attached 
throughout  the  fling  phase.  The  flow  is,  however, 
expected  to  separate  from  the  leading  edge,  resulting  in 
leading-edge  vortex  shedding. 

Following  Lighthill  ,  the  proOlem  is  reformulated 
in  j  conformally  mapped  plane,  ;  =£|*iri,  through  the 
use  of  a  Schwarz-Christoffel  transformation.  A  closed 
form  expression  for  the  transformation  function 
presented  by  Edwards  and  Cheng  is  used.  The 
transformation  function  is 


The  stream  function  vanishes  on  the  line  of  symmetry 
EA.  -  A2F  and  also  infinitely  far  from  the  wing. 

1  It  is  simple  to  show  that,  with  the  potential 
function  $  ,  the  complex  potential,  W.  =  <j> .  +  i  4>j, 
expressed  in  terms  of  £  below  satisfies  these  conditions 
for  the  stream  function: 

W,  =  -  5^4  [<c.  l)2-2a/”  ( C  -  !>2o/"  -  c2  -  2(1  -  ^>Cj 

02) 

In  Eqs.  (12)  and  the  following  equations,  the  subscript  1  is 
used  to  inoicate  the  omission  of  the  ieaaing-edge  vortex 
shedding  phenomena.  The  complex  velocity  in  the  5  - 
plane,  V^=  dW/d?  ,  is  given  by 
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The  complex  velocity  in  the  z  -plane  is  given  by 
the  right  side  of  Eq.  (13)  divided  by  the  derivative  dz/d  £ . 
It  is,  however,  more  convenient  to  use  a  transformed 
version  of  Eq.  (6)  in  studies  of  aerodynamic  forces  acting 
on  the  wings. 

In  the  present  problem,  the  wing's  cross-sectional 
area  is  negligibly  small.  The  last  integral  in  Eq.  (6) 
therefore  vanishes.  The  contributions  of  the  unsteady 
boundary  layer  and  the  wake  can  be  treated  individually. 
One  has  therefore,  with  the  wake,  i.e.,  the  shed  vortices, 
omitted, 
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where  F ^  and  F,  are  respectively  the  horizontal  and  the 
vertical  components  of  aerodynamic  force  acting  on  the 
wing  pair  due  to  the  motion  of  the  wing  pair. 

Because  of  symmetry,  the  vortex  strength  on  the 
right  wing  is  equal  in  magnitude  and  opposite  in  sense  to 
the  vortex  strength  on  the  left  wing.  The  lift  force  L, 
acting  on  each  wing  is  tnerelore  one  half  of  the  total 
vertical  force  F  and  is  ^iven  by  the  time  variation  of 
the  vortex  moment  on  a  Si’igie  wing.  One  therefore  has 
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z  =  i  k(l  *  c)1'a/77U-l)  Vn  (9) 

where  z  =  x  .  i  y  is  the  physical  plane  described  m  Figure 
l,  and  k  is  a  constant  given  by 

-Ofc'TI  -l  ♦  * 

k»jc(«)  (I-*)  n  (10) 

The  transformation  (9)  maps  the  wing  pair 
onto  the  straight  line  segment  lying  on  the  ;-axis 
m  the  range  -1  <  <;  <1  as  shown  in  Fig.  2,  with  the  two 
wings,  A. BA-  and  A.CA2, mapped  respectively  onto  the 
lower  and  upper  surfaces  of  the  segment.  The  y-axis  EF 
is  mapped  onto  the  remaining  parts  of  the  £  -axis,  as 
shown  >n  Fig.  2. 

During  the  fling  phase,  the  line  EF  remains  to  be  a 
lme  of  symmetry.  It  is  therefore  necessary  only  to 
consider  the  left  half  ~omp!ex  z-plane,  which  is  mapped 
onto  the  upper  hall  complex  '  -plane.  The  normal 
velocity  of  the  wing  A. BA-  during  the  fling  phase  is 
P. !  z  1  .  The  impermeable  boundary  condition  on  the  wing 
A.BA-,  therefore  gives  the  following  boundarv  condition 
for  the  stream  function  ;•  . 


where  the  integration  is  over  both  the  upper  and  the 
lower  surfaces  of  the  left  wing. 

Since  the  wing  has  no  tangential  velocity  on  its 
surface,  the  last  term  in  Eq.  (?)  vanishes.  The  vortex 
strength  y  is  therefore  simply  the  negative  of  the 
tangential  velocity  at  the  fluid  side  of  the  vortex  sheet. 
Since  dz  -  d  ;  (dz/d  ;),  Eq.  (20)  can  be  rewritten  as 

d  -1 

L1  =  J  j  x  y*  d * 

where  y  -  is  the  negative  of  the  ?  -component  ol 
velocity,  given  by  Eq.  (13),  on  the  £  -axis. 

On  the  £  -axis,  for  the  interval  -I  c r  < |,  one  obtains 
from  Eqs.  (9)  and  (13)  the  following  expressions 

x  =  -sinctMl  .  r.)Ul/1’  (l  -£)*/•» 
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Placing  Eqs.  (I7)  and  US)  mto  Eq.  t '.(►),  one  obtains, 


after  performing  the  integration, 

i  3  d 

LI=P  dt 
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where 
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Equation  (21)  can  be  rewritten  as 

L.  7  df. 

,  p  c 

where  ii  is  the  angular  acceleration  of  the  wing. 

Equation  (21)  states  that  the  unsteady  lift 
component  L.  has  two  contributions.  One  contributor  is 
the  angular  acceleration  of  the  wing,  its  effect  being 
directly  proportional  to  the  angular  acceleration.  The 
other  contributor  is  the  angular  velocity  of  the  wing,  its 
effect  being  proportional  to  the  square  of  the  angular 
velocity.  Both  contributions  are  functions  of  the  opening 
angle,  a  .  of  the  wing  pair,  as  given  by  fj(a)  and  its 
derivative. 

For  convenience,  the  horizontal  force  acting  on  the 
wing  A.BA2  is  designated  as  an  unsteady  drag.  This  drag 
cannot  be  determined  from  the  vorticity  moment  on  a 
single  wing  alone.  The  total  horizontal  force  acting  on 
the  wing  pair  is  zero  because  of  symmetry.  The  two 
wings  are  hinged  together  at  their  trailing  edges.  In  Fig. 
3  is  shown  a  free  body  diagram  for  the  wing,  with  N,  and 
S.  representing  respectively  the  normal  and  tangential 
components  of  the  unsteady  aerodynamic  force  acting  on 
the  wing.  H.  is  the  reaction  at  the  hinge,  i.e.,  the  force 
exerted  bv  the  wing  A.CA2  on  the  wing  A.BA?.  Because 
of  symmetry,  this  reaction  is  directed  horizontally.  The 
free  body  diagram  shows  that  the  unsteady  lift  Lj  is  the 
sum  of  the  vertical  components  of  S.  and  N.i  The 
unsteady  drag  is  the  sum  of  the  horizontal  compoAents  of 
S.  and  N.  and  is  the  negative  of  H,. 

The  unsteady  normal  force  Nj  acting  on  each  wing 
is  given  by 


N,  =f  P.ds-J 


B 


P,  ds 


(22) 


where  Pj  is  the  pressure  acting  on  the  wing.  Since  the 
boundary  layer  cannot  support  a  significant  pressure 
difference  across  the  layer,  it  is  permissible  to  let  this 
pressure  p  be  the  pressure  at  the  boundary  layer's  outer 
edge,  where  the  vorticity  is  negligibly  small  and  the  flow 
is  potential.  From  the  inviscid  momentum  equation,  one 
obtains 


3$ 

3t 


r) 


(23) 


At  the  edge  of  the  boundary  layer,  the  normal 
velocity  of  the  flow  is  negligible  small  compared  to  the 
tangential  velocity.  The  tangential  velocity  magnitude  is 
equal  to  the  strength  y  of  the  vortex  sheet  representing 
the  boundary  layer.  Using  this  information,  one  obtains 
Iro  n  Eqs.  (22)  ar.d  (23), 


N,  -0 


d  f1  dr 

-r-  •)  .  tt  d  ‘ 


dt 


5idrdr 


I  =  a)]csca  -  f)2gj(a  )  etna  (25) 


P  c 

where 

g.(a  )  =  4  csc2(2  aKS)1-^  /Tr(l  -  ^  +  ^  (1  -  *>)2 

1  Z  IT  71  TT 

(26) 

Equations  (21)  and  (25)  gives  the  following 
expressions  for  the  unsteady  tangential  force  and  the 
unsteady  drag 

Sj  2 

-4  =  Q‘ g.(a)  (27) 

pcJ 

and 


P  c3 


d 
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[a  fj(a)]  etna  -  fl  2  gj(a)  csca  (28) 


The  normal  forces  can  be  expressed  in  the  form 

N1  •  2 

-7  =  +  Snl(a)  {29) 

pc 

where  the  subscript  n  indicates  the  fact  that  the 
functions  f  .(a)  and  g_,(ot)  are  related  to  contributions 
to  N. 

The  forces  Lj  and  D,  are  easily  expressed  in  forms 
similar  to  Eq.  (29).  The  tangential  force  Sj  is  independent 
of  the  angular  acceleration  and  is  proportional  to  the 
angular  velocity,  as  is  shown  in  Eq.  (27).  The  physical 
significance  of  this  rather  remarkable  feature  of  the 
tangential  force  is  not  yet  explained.  It  is  clear, 
however,  that  this  tangential  force  is  due  to  the  well- 
known  leading  edge  suction  effect  which  is  also  present 
in  steady  flows  past  airfoils  at  non-zero  angles  of  attack. 
In  the  case  of  a  thin  airfoil  represented  by  a 
infinitesimally  thin  flat  plate,  this  suction  force  can  be 
determined  through  a  limiting  process.  The  procedure 
just  described  for  the  Weis-Fogh  problem  wrhen 
applied  to  the  flat  plate,  at  an  angle  of  attack 
and  a  free  stream  velocity  u  ,  gives  a  suction 

force  value  of  ”P  u^Tsina  ,*where  r  is  the 
circulation  (boundary  layer“vorticity)  around  the  plate. 
This  suction  force  corresponds  to  a  zero  drag  as  is 
expected  for  steady  inviscid  flows. 

The  functions  f  .,  g  f..,  etc.  are  represented 
graphically  in  Figures V,  5,  e  and  7.  It  is  worthy  of  note 
that  all  these  functions  are  easily  expressible  in  terms  of 
the  two  functions  f.  and  g.  and  the  derivatives  of  these 
two  functions. 

It  is  of  interest  to  determine  the  power  expenditure 
needed  to  maintain  a  prescribed  motion  of  the  wing.  The 
power  requirement  P.  for  the  case  of  no  leading-eage 
vortex  shedding  is  given  by 

Pl  -  f  P|  vn  di  -  Vnds  (!0> 

l 

Since,  on  the  wing,  v^  =;>r,  where  r  is  the  distance 
from  the  origin,  one  has,  in  the  ; -plane, 

Pl  =  -  V  jr  d,j-  f  V  l  ,r/(jr>  dC 

(111 


■i  1,  -^1 « 


(>4) 


mere  r  i\  trie  distance  Umr.  rra;  origin  i  t  the  z-plaric. 
i  sing  Eqs.  112)  and  118),  it  an  br  s-;own  that 


Placing  Eqs.  (9),  (12),  and  (IS)  into  Eq.  (31),  one 
obtu.ns,  after  considerable  manipulations, 

P  r 

1  cl  t  7 

1  ar  l”  ,i:» 

w  here 


f,(0>  =  (|  -  |r3  *  '“’/"(I  -  Q2  CSC2  2a 

pl  8  IT  TT  TT  (33J 

Equation  (33)  can  be  expressed  as 

P1  •  3 

=  2  flafpl(a)+  ftJ gpl(cO  (34) 

where  g  .  is  the  derivative  of  f  .  with  respect  to  a  . 

Tne  functions  of  f  .  and  *g  .  are  shown  graphically 
in  Figure  8.  The  function  f  .  fs  positive,  as  expected. 
The  function  g  .  is  always  negative.  This  suggests  that, 
during  the  fling1  phase  of  the  Weis-Fogh  motion,  if  the 
wing  is  moving  at  a  constant  velocity,  then  the  fluid 
performs  work  on  the  wing  and  not  the  other  way  around! 
It  is  likely  that  this  apparent  paradox  is  a  consequence  of 
the  omission  of  the  leading-edge  vortex  shedding 
phenomena. 

5.  Leading-Edge  Vortex  Shedding 

The  analyses  of  the  preceding  section  omits  the 
presence  of  vortices  shed  from  the  wing’s  leading  edge. 
Using  the  present  general  viscous  theory  of 
aerodynamics,  the  effects  of  the  shed  vortices  on  the 
aerodynamic  forces,  moments,  and  power  requirement 
can  all  be  expressed  as  functions  of  the  distribution 
(location  and  strength)  of  shed  vortices. 

To  demonstrate  the  use  of  the  general  theory, 
consider  a  distribution  of  shed  vorticity  (5  )  in  the  C  - 
plane.  Because  of  symmetry,  one  hasw„  (*£  )/  =  -uir  (  0. 
A  complex  potential  W2  associated  vftth  this  vorfccity 
distribution  exists  in  the  region  free  of  shed  vorticity. 
This  complex  potential  is 


in  terms  of  £  and  l  through  Eq.  (9). 

The  vor?ex  strength  6y  on  the  wing  in  the  z,  - 
plane  is  simply  the  negative^  of  the  £  component  of 
velocity  on  the  £  -axis  for  -1<£<1.  This  velocity 
component  is  easily  obtained  from  Eq.  (36).  The 
increment  lift  <SL  due  to  the  vortex  pair  6  T  and  -  6T  is 
related  to  <5Yr  through 

^  a  J 

«L=p£jT  x6-rcd5  (37) 

It  can  be  shown  that 

J  *  =  kn0  6T  (38) 

where  r\  is  the  n  coordinate  of  the  vortex  <5  r  and  k  is 
a  functio?i  of  a  defined  by  Eq.  (10).  It  is  clear  from  Eqs. 
(37)  and  (38)  tnat  the  increment  lift  <5L2  is  dependent 
upon  the  vortex  strength  6D  the  movement  of  6  r  in  the 
n  direction,  and  the  opening  angle  of  the  wing  pair 
through  k.  If  all  the  shed  vorticity  in  the  flow  is 
reasonably  represented  by  a  single  pair  of  vortices  with 
known  strength  and  location,  then  Eqs.  (37)  and  (38) 
permit  the  lift  due  to  shed  vorticity  to  be  evaluated 
simply.  In  general,  it  is  possible  to  represent  the  shed 
vorticity  by  a  series  of  pairs  of  vortices.  The  lift 
increment  due  to  each  pair  of  vortices  can  be  determined 
using  Eqs.  (37)  and  (38).  The  sum  of  all  the  lift 
increments  and  L,,  given  by  Eq.  (19)  is  the  total  lift 
acting  on  a  Weis-Fogh  wing  during  the  fling  phase. 
Indeed,  with  a  distribution  of  shed  vorticity,  the  total  lift 
L  is  obviously  the  sum  of  L.  and  L2,  the  contribution  of 
the  shed  vorticity  to  the  lift  is  given  by 


itential  is  .  r  r 

i  r  l2  -  0  U  J  n  0iii  ( i  0)  dR  (39) 

7  { in(;Tfh(i°)dR;0  1  rw  '°j 


where  R  is  the  region  occupied  by  the  shed  vorticity  in 
the  upper  complex  ; -plane. 

It  is  easy  to  show  that  the  imaginary  part  of  W~ 
vanishes  on  the  £  -axis.  The  complex  potential 
W  W  ♦  W,  therefore  satisfies  the  boundary  conditions 
for  i)  stated  in  Section  4.  This  complex  potential  W 
therefore  is  the  correct  complex  potential  for  the  fling 
ohase  of  the  Weis-Fogh  motion,  with  vorticity  shed  from 
tne  leading  edge  of  wings  taken  into  jccount.  The 
complex  potential  is  invariant  under  a  conformal 
transformation.  The  distribution  of  the  vorticity  field  in 
the  i-plane  corresponding  to  ui„  is  obtainable  through 
the  transformation  relation,  Eq.  T9). 

Equation  (35)  states  that  the  effects  of  the  shed 
vortices  can  be  considered  in  a  piecewise  manner.  That 
is,  the  region  of  integration  R^,  can  be  divided  into 
segments  and  the  effects  of  vorticity  within  each 
segment  studied  individually  and  the  results  summed.  To 
illustrate  this  proc.ss,  consider  the  effects  of  vorticity 
m  a  small  region,  say  5R  ,  around  the  point  C  -  V)  • 
The  total  vorticity  in  this  small  region  is  designated  5  f  . 
Consider  this  total  vorticity  to  be  a  vortex  located  at 
;  :  ;  .  By  reason  of  symmetry,  there  exists  a  vortex  of 
strength  -  5  T  at  C  •  C  as  shown  in  Fig.  2.  The  complex 
potential  3  VI  for  this  Cortex  pair  is 


'L' 

\;-t. 


I:  is  easv  to  show  that  the  strengths  of  the 
orrespondmg  pair  of  orticcs  in  the  /-plane  are  also 
respectively  S  ?  ami  -  3  T.  The  location  of  the  vortex 
pair  in  the  /-plane,  as  sketched  in  Fig.  i,  are  expressible 


The  total  normal  force  N  and  the  total  power 
requirements  P  are  expressible  in  terms  of  the  potential 
function  and  vortex  strength  in  forms  identical  to  Eqs. 
(24)  and  (31),  with  the  subscripts  "1”  removed.  In  these 
equations,  the  potential  function  $  is  the  sum  of  $  and 
$  2*  thc  real  Part  of  W-,.  The  form  of  Eqs.  (24)  and  (31) 
states  that  the  contributions  of  *»  and  $  2  to  the  normal 
force  and  the  power  can  be  individually  evaluated  and 
added  together  to  give  the  contribution  of  j, .  The  total 
vortex  sheet  strength  y  is  the  sum  of  y.  and  y  the 
vortex  sheet  strength  due  to  M’  .  The  vortex  sheet 
strength,  however,  appears  in  tqs.  (24)  and  (31)  as 
squared  terms.  In  consequence,  the  contribution  of  the 
vortex  sheet  y  ,  which  represents  the  unsteady  boundary 
layer  on  the  wing,  is  not  simply  the  sum  of  the 
contributions  of  y  ,  and  y^.  If  one  let,  for  example, 

N2  =  -  ■=  JF  f,  >  2  Jf  •  f  /,  d<-  W) 


f  /dr  A- 

!  *  -  ,  >r.P;2;ar  d?^ 


Similarly,  one  has 


P1  *  P2  ‘  ‘*lT  3 .7  r/(g?)  tlr-  (*2) 


Closed  form  expressions  for  \  and  P  have  been 
obtained  bv  the  present  authors.  Expressions  for  S  and  D 
are  eas.lv  obtainable  from  those  for  L  and  N.  Because  of 
the  length  limitation  x,f  the  present  paper,  discussions  of 
these  results  are  postponed  for  :hr  future. 


'WWW* 


6.  Concluding  Remarks 
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The  present  work  iias  yielded  useful  results  for  the 
lift  and  the  drag  acting  on  a  wing  undergoing  the  fling 
and  the  clasp  phases  of  tne  Weis-Fogh  motion.  Closed 
form  expressions  have  been  obtained  for  the  unsteady 
lift,  the  drag,  and  the  power  expenditure  of  the  Weis- 
Fogh  wing.  These  results  have  led  to  the  identification 
of  major  contributors  to  unsteady  aerodynamic  forces 
acting  on  the  wing  and  the  power  requirement  to  sustain 
prescribed  wing  motions. 

It  should  be  pointed  out  that,  compared  with 
aerodynamics  of  rigid  lifting  bodies,  the  Weis-Fogh 
problem  is  substantially  more  difficult  to  treat.  For  the 
rigid  body  problem,  the  use  of  the  general  viscous  theory, 
as  stated  as  Eqs.  (3),  (4)  and  (5)  in  this  paper,  is 
particularly  convenient  since  the  overall  vortical  system 
can  be  divided  into  components  and  the  contribution  of 
each  component  to  airloads  can  be  studied  individually. 
Even  though  the  unsteady  flow  may  be  in  the  non-linear 
domain,  the  linear  addition  of  the  individual 
contributions  gives  the  correct  total  aerodynamic  force 
and  moment  acting  on  the  rigid  body.  The  line  of  action 
of  the  aerodynamic  force  and  consequently  the  power 
expenditure  are  easily  obtainable  from  the  total  force 
and  moment.  For  the  Weis-Fogh  motion,  the  total  force 
and  moment  acting  on  the  wing  pair  can  be  determined 
also  in  a  manner  similar  to  that  for  the  rigid  body 
problem.  The  force  and  moment  acting  on  each 
individual  wing,  however,  cannot  be  evaluated  using  Eqs. 
(4)  and  (5),  excepting  that  the  lift  on  each  wing,  because 
of  symmetry,  happens  to  be  one  half  of  the  total  lift  on 
the  wing  pair.  In  the  present  paper,  the  unsteady  total 
normal  force  acting  on  the  wing  and  the  power 
expenditure  of  the  wing  are  determined  from  the 
pressure  distribution  on  the  wing.  The  drag  force  and  the 
leading-edge  suction  force  are  determined  from  the  lift 
and  the  normal  force.  Since  the  pressure  field  is  not  a 
linear  function  of  the  voticity  field,  the  total  unsteady 
force  and  the  power  expenditure  for  each  wing  is  not  a 
simple  sum  of  individual  contributions  of  the  several 
vortical  flow  components.  Eqs.  (41),  for  example,  shows 
that  the  total  normal  force  is  composed  of  three  terms. 
The  terms  Nj  and  ^  are  respectively  the  individual 
contributions  of  the  wing  motion  and  the  shed  vorticity 
(wake).  In  addition  to  these  two  contributions,  there  is  a 
third  contribution  due  to  the  "interaction"  of  the  first 
two  contributors.  This  third  contribution  is  expressed  in 
the  form  of  an  integral  in  Eq.  142).  The  integrand  of  this 
integral  contains  the  product  of  y.  and  y-.  y,  and  y-  are 
the  vortex  sheets  representing  the  vorticity  in  unsteady 
boundary  layers  resulting  from,  respectively,  the  wing 
motion  and  the  shed  vorticity.  From  Eqs.  (42),  it  is  clear 
that  the  wing  motion  and  the  shed  vorticity  both 
contribute  to  the  power  expenditure  of  the  wing.  In 
addition,  there  is  a  third  contribution  to  the  power 
expenditure  due  to  the  interaction  of  the  first  tuo 
contributors. 

The  Weis-Fogh  problem  is  a  special  case  of  the 
problem  of  non-linear  unsteady  aerodynamics  of  non- 
rigid  lifting  bodies.  The  present  study  is,  in  this  context, 
a  precursor  to  a  more  comprehensive  study  of  unsteady 
aerodynamics  of  flexible  lifting  bodies.  It  is  anticipated 
that  the  'levelopment  of  a  routine  capability  for 
predicting  msteady  aerodynamic  behavior  in  the  non¬ 
linear  domain  will  require  extensive  and  persistent 
efforts  over  a  number  of  yean.  The  work  described  in 
this  article  represents  only  a  few  initial  steps  m  search 
of  this  *jpaDility.  In  mat  context,  the  results  of  the 
present  study  are  encouraging  in  that  the  recently 
developed  general  .tscous  theorv  of  aerodynamics  is 
shown  to  be  ^eli  suited  for  the  theoretical  stJds  of 
unsteady  aerods  namir  problems,  including  those 
associated  Mth  flexible  lifting  bodies. 
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Figure  l.  Weis-Fogh  Motion 
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Figure  2.  Wings  tn  Transform  Plane  { 


Figure  4.  Weis-Fogh  Lift  Functions 
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Figure  5.  Weis-Fogh  Drag  Functions 
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Figure  b.  Weis-Fogh  Normal  Force  Functions 


Figure  3.  Free  iVxlv  Diagram 
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Figure  7.  Weis-Fogh  Leading-Edge  Suction  Functions 
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Abstract 


An  analytical  study  into  the  gust  response  of 
an  airfoil  is  presented.  The  momentum-integral 
equation  for  steady  flow  is  extended  into  the 
unsteady  flow  regime  to  predict  the  behavior  of  an 
airfoil  that  experiences  a  eonstant-rate-ot-change 
of  angle-of-at tack  gust.  The  von  Karman-Poh lhausen 
method  of  integration  is  successfully  modified  to 
incorporate  the  additional  transient  flow  terms; 
the  equation  of  closure  necessary  to  do  this  is 
also  presented.  Finally,  computation  of  the  flow 
about  a  Joukowski  airfoil  using  the  new  equat ions  is 
periormed  and  the  results  are  presented  and  dis¬ 
cussed.  It^vill  be  shown  that  these  results  are  in 
agreement  with  existing  experimental  dar». 

I.  Introduction 


In  1932,  Max  von  Kramer  published  the  results 
of  wind-tunnel  experiments  simulating  a  wing 
encounter ing  a  constant-rate-oi-change  of  angle-ot- 
attack,  t,  gust.  His  results  demonstrated  that  the 
wing  encountered  stall  at  higher  angles  ot  attack 
thaninthe  static-stall  case  and  the  maximum 
coefficient  of  lift,  C*  ,  was  increased  a  pro¬ 
port  ionate  amount  ro  the  increased  stall  angle  ot 
attack1.  Since  that  time,  a  number  of  empirical 
studies  have  been  undertaken  m  the  general  area  ot 
unsteady  :  low  now  re  ter  red  to  as  Jynamic  stall. 

!fw,  however,  have  concentrated  on  the  const  ant -j 
ease.  One  ot  tlie.se  lew  is  the  work  Ot  Dee  kens  and 
Kueb le r •  ,  which  was  a  t low  visualization  study  and 
••tore  recently  hy  Daley  which  was  a  combination  tlow 
v isu.i  1  izat  ion-pressui e  measurement  study1.  These 
studies  .  inti  tied  only  the  stall  angle  ot  attack 
as  a  {unction  ot  the  tlow  and  the  constant  i.  A 
summary  ol  the  results  of  references  2  and  1  is 
->!.  vi  ;•■  Figure  !.  It  is  interesting  that  the 
racier  results  amt  t  he  results  ot  references  2  al'U 
j,  while  agreeing  in  trend,  do  net  agr*e  in  t  he 
extent  t  o  the  dynamu -st  a  1  l  e!  ted;  the  riled 
exhibited  in  td«re.n.-'  >  and  1  is  appr  ximut«*  Iv 
ten  times  that  ot  t ! .  *  Ft. »•?.«•  r  experiments  .  U  is 
important  to  .tote  that  these  two  experiments  ditln 
what  is  probably  t  critical  wav.  I  he  *‘r.imer 
experiment  had  t  vine  t:\ed  m  Newtonian  space 

*  •  t n  i  totaling  tree  stream,  while  the  Deekrns  and 

*  »■  bier  and  Diley  experiments  used  .«  rotating 
wi  i ::  a  constant  Velocity  tree  stream. 

Lilt  le  aiialvt  iv  work  has  been  pc  i  termed  on 
U' d<  landing  the  physics  ot  the  phenomena.  that 
which  t;as,  has  been  :n  the  area  o!  lull  \av.*r- 
s  taxes  solutions'  which  amount  to  nuar  i  t  <  4  ! 
n  "l  5.  Suv  li  ■•came  r  1  a  1  e x pr ;  : me n t  s  1 <- ad  1  .<  t  n  * »• :  - 
mat  .  ■••  which  .  s  similar  t  that  a!' famed  !  :  or 
ex|)«  r  :  m«-  tl  t  s  like  those  me*  l  .  ■  *  >,  J  above,  but  S-  i  j'lv 
I  inclusion  Ot  ill  possible  e  •  ; e  d  s  ,  t  he  so.  it! 
are  !  1  :  m :  1 1  d  :se  :  -  i  •!<  :  s  t  a  d  i  g  r  •  <  1  ;  t  «•  t  ;• !  a v 
’!  the  ptiysi.  at  phenomena  th at  mav  >«  a.i.;:tc  if.* 
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Fig.  1  -  Summary  ot  data  for  increase  m  ,  vs 

reduced  angular  rate,  *  taken.  :rbm’ 
ret  ere  nee  3) 

‘Because  of  their  simplicity,  intr.rjl  methods 
have  been  helpful  in  unde r s . jnd i ng  the  mtrrp.iy  t 
the  51hysic.il  phenomena  leading  to  stall.  Until 
now ,  however,  these  methods  could  not  be  applied  t 
unsteady  tlow  because  the  closure  equ.it  ; on  neces¬ 
sary  to  perform  the  integrations  was  not  available, 
t'liis  paper  presents  an  exTensi  n  ot 
the  integral  method  to  unsteady  flow.  ...n 
presented  ire  the  result-  d  a  study  u>i'g  tin 
met hud  to  analyse  a  Jouxowski  all  toil  tor  l  r  a*.* 
equivalent  to  that  o.  t  »e  Kr.iru  i  expe 1  i.r«n!  wv  :■ 
the  wi  ,g  remains  fixed  in  Newt  *n 1  a  space  , 

If.  I  nl  e  er  a  l-M«  1  hod  Ixtenmon  to  Unsteady  i  hi. 
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The  introduction  of  the  transient  terms  into  the 

momentum-integral  equation  requires  an  additional  such  that  the  velocity  profile  is 

equation  which,  until  now,  has  not  been  kncwn. 

This  closure  equation,  however,  may  be  arrived  at 

as  follows  for  the  case  in  which  transients  are  u  .  n  N  0  ,  ,  ...  . 

„ .  ,  .  ,  ~  ( 4.r;  -  2r  +  r  )  +  —  ( n  -  3r  «  3n  -  r  1  <  !  3  1 

not  too  severe.  First  the  observation  is  made  that  l  6 

*-* 

the  displacement  thickness  is  releated  to  the 

boundary  layer  thickness  by  ,  ,  .  .  , 


Eq  <  S3)  may  now  be  used  to  evaluate  :>and  :  j  from 
F.qs  (2)  and  (3) 


Assuming  Ct  is  slowly  varying  in  time, 


jt  Cl  it 


Further,  for  all  laminar  flows  the  boundary  luyei 
thickness  is  related  to  the  potential  tl  v  by 


3 !  3  943  9072  (S3) 

These  equations,  Eq  >  4  U)  and  t  S3)  nav  be  combined 
to  v i e 1 d 
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Further,  Eq  (|J)  may  he  used  to  evaluate  the  r  i  gh 
hand  side  ot  rq  i  H  ■ 


'uhst  :  tut  L:v  Eq  (pi  and  Eq  '  *•  )  into  Eq  >7*  yield- 
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Eqs  (12),  (18),  (19),  (20),  (22),  (23),  and  (24) 
now  constitute  a  modified  set  of  equations  similar 
to  the  steady  state  equations  which  may  be  step- 
wise  numerically  integrated  in  a  manner  equivalent 
to  the  von  Karman-Pohlhausen  method0. 

III.  Application  to  Constant -a  Gust 


IV.  Comparison  to  Experiment 

Although  the  Kramer  experiment  used  a  differ¬ 
ent  airfoil,  the  similarity  of  the  leading  edge 
geometries  leads  one  to  suspect  that  the  results 
should  be  generally  comparable.  The  effect  shown 
in  Figure  2  was  compared  to  the  results  of  reference 
1  as  follows.  Kramer's  result  may  be  written  is 

Gx  -  C,  ♦  0.36  Jp  (26) 

max  dyn  max  st  ® 


The  method  outlined  above  was  applied  to  the 
cose  or  an  15"  thick  symmetrical  Joukovski  airfoil 
u  or  giving  a  constant-i  gust.  The  unsteady  poten¬ 
tial  i!ow  field  was  solved  for  the  Joukowsk  1  air- 
toil  to  provide  the  flow  parameters  L'(, ,  jl*.  .x, 
and  -Uj,/  -t  needed  tor  the  momentum-incegru  i - 
method  solution  of  the  boundary  layer.  The  tran¬ 
sient  potential  field  was  approximated  as  pseudo- 
steady  by  neglecting  the  starting  voittces,  -in 
effect  which  we  suspect  is  small  but  which  is  the 
subject  ot  a  separate  investigation  to  be  published 
at  a  future  date"1. 


In  order  to  determine  the  stall  angle,  separa¬ 
tion  at  the  quarter  chord  was  defined  as  stall  tor 
tl.u*  purposes  of  this  inves t  i  gat  ion.  The  angle  ot 
attack  at  stall  was  determined  for  a  number  ot  flow 
•  end 1 1  ions  and  constant  i's,  and  the  results  plotted 
vs  the  reduced  angular  rate,  where 
.  r  j,  was  determined  as  the  lew  ^  minus 

f!:a?‘for  the  steady  state  case  and  t  'reduced 
a:  .  iil.ii  r jte  ,  it  is  •  ■  ve n  bv 


where  a  is  in  radians  per  second.  The  results  of 
Figure  2  may  be  written  as 


ustall  dyn 


stall  st 


♦  0.096 


(27) 


i:  written  for  a  in  radians  per  seconds.  Since 
these  results  are  not  in  terms  of  Ct  they  are 
not  directly  comparable  to  Fq  (26);  however,  if  we 
assume  that  the  effect  cf  increasing  a  is  to 

simply  disolace  the  Ct  vs  i  curve  by  a' comparable 
amount  < see  Figure  3),  then  C;  may  be  arrived  at 
by  simply  multiplying  by  the  sTope  of  the  unsta.Ued 
C ;  vs  »  curve.  This  assumption  is  similar  to  tint 
\u  the  pseudo-stt .idy-state  assumption  in  that  the 
effect  of  the  starting  vortices  is  assumed  negligi¬ 
ble.  If  (he  theoretical  slope  is  used  <i.i-.t  2  - 
per  r.iaian),  Fq  (27)  predicts  a  Cj  re’.it:  onship 
o  t 


‘max  >lvr. 


C:max  st  *  °-JUl  ~ 


I.  2b  ) 


the  comparison  to  Kramer’s  result.  Kq  i26)  is 
remark ab le . 


In  regard  to  the  first,  tnere  is  still  work 
to  be  done  in  establishing  the  limits  to  the 
applicability  of  the  assumptions  leading  to  Eq  (8), 
but  the  tools  for  such  a  study  are  available  in  the 
solution  irself,  and  work  in  this  direction  is 
already  underway9.  Sensitivity  studies  carried  out 
to  date  have  shown  that  the  worst  case  errors 
incurred  from  these  assumptions  change  the  slope  of 
the  curve  of  Figure  2  by  less  than  10%.  In  regard 
to  the  second,  we  now  have  available  in  the 
unsteady  momentum-integral  method  a  tool  to  help 
understand  the  pieces  of  physics  which  are  at  play 
in  delaying  the  stall,  and  although  not  detailed 
here,  it  is  clear  from  plotting  the  various  modi¬ 
fied  Poh lhausen  parameters  from  the  solution  that 
the  transient  term  in  the  external  flow  is  balanc¬ 
ing  the  unfavorable  pressure  gradient  to  delay 
separation.  Much  more  is  to  be  learned  from 
further  exploitation  of  the  unsteady  method  because 
of  the  fact  that  our  solution  is  not  at  all  limited 
to  constant-a  cases. 

Finally,  it  should  be  mentioned  that  we  have 
also  begun  work  on  trying  to  adapt  the  method  to  a 
non-Newtonian  boundary*.  It  is  too  early  to  say 
whether  this  work  will  be  successful,  but  the 
intention  is  to  address  the  discrepancies  in  the 
experiments  so  graphically  demonstrated  by  a 
comparision  of  Figures  1  and  2. 
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Abstract 

•  Preliminary  results  from  an  UnSTeady  AiRfoil 
analysis  in  1_  dimensions  have  been  obtained  from  a 
computer  code  (USTAR2)  developed  by  the  present 
authors.  This  computer  code  is  based  upon  an  anal¬ 
ysis  which  'Utilizes  a  doublet  panel  method  to 
model  the  airfoil  surface,  an  integral  unsteady 
boundary  layer  scheme  to  model  the  viscous 
attached  flow,  and  discrete  vortices  to  model  the 
detached  boundary  layers  which  form  the  airfoil 
wake  region.  This  model  has  been  used  to* success¬ 
fully  predict  steady  lift  and  drag  coefficients  as 
well  as  pressure  distributions  for  several  air¬ 
foils  with  both  attached  and  detached  boundary 
layers.  In  addition,  calculations  have  been  made 
for  a  limited  number  of  cases  for  both  attached 
and  detached  unsteady  flow  situations.  These 
calculations  are  compared  in  a  cursory  way  with 
experimental  data  to  point  out  some  of  the 
strengths  and  weaknesses  of  the  present 
f ormulat ion. 


Introduct ion 

Unsteady  aerodvnamics  is  in  important  phenom- 
t*nom  which  has  been  studied  more  intensively  in 
recent  years.  These  studies  have  been  made  In 
connection  with  applications  pertaining  to  heli¬ 
copters,  axial  flow  turbines  and  compressors  with 
inlet  distortions,  vertical  axis  wind  turbines, 
and  missiles  and  f»xed-wing  aircraft  undergoing 
rapid  maneuvers.  Lifting  surfaces  subjected  to 
t ime- dependent  freestream  velocity  or  time-depend¬ 
ent  body  motions  nay ,  in  avwe  caaca,  zlzc  »•••/«• 
signficant  stall  regions  on  their  surtaces. 

A  number  of  approaches  have  Deen  taken  with 
regard  to  the  prediction  of  unsteady  stalled  air¬ 
foils.  Most  of  these  approaches  have  been 

reviewed  by  McCrcskey*  •  - .  In  general,  these 

approaches  range  from  empirical  models-***  to 
models  based  on  the  Navler-Stokes  equations^***. 
The  empirical  models  are  generally  applicable  to 
small  sinusoidal  pitch  oscillations  about  some 
relatively  low  angle  of  attack.  The  Navler-Stokes 
solutions  tend  to  consume  large  amounts  of  com¬ 

puter  time  and  are  usually  limited  to  low  ReynoiJ# 
•umber  solutions.  Unf or tunate 1 y ,  there  are  few 
models  which  can  be  considered  as  representing 
something  In  be* ween  the  extreme  cases  of  almost 

total  empiricism  and  Che  lengthy  more  exart  solu- 
t  Ions  of  the  Navler-Stokes  equations.  There  have 
been  several  bounJarv  laver  codes  developed  which 
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can  be  used  to  predict  some  of  the  behavior  asso¬ 
ciated  with  unsteady  stall^-11.  There  have  also 
been  models  of  the  potential  flow  behavior  related 
to  the  shedding  of  leading  edge  vorticity  as 
typified  by  the  work  of  Ham^ .  More  recently, 
Katz^  simulated  the  unsteady  separated  flow  over 
a  thin  cambered  airfoil.  The  models  of  both  Ham 
ard  Katz  required  empirical  information  regarding 
tne  appearance  and  position  of  the  separation 
point. 

U STAR 2  Analysis 

Recently,  the  present  authors  formulated  and 
began  development  on  an  analytical  model^'* 
which  is  potentially  capable  of  predicting  dynamic 
effects  for  stalled  and  unstalled  airfoils 
undergoing  arbitrary  airfoil  motions.  This  model 
does  not  require  input  of  airfoil  section  data  and 
may  thus  be  used  to  examine  arbitrary  airfoil  sha¬ 
pes.  An  UnSTeady  AiRfoil  model  in  2.  dimensions 
based  on  this  analysis  has  been  Implemented  via  a 
computer  code  (USTAR2).  Execution  times  for  this 
code  are  short  when  compared  to  Navler-Stokes 
solutions  and  little  empiricism  Is  required.  In 
order  to  validate  this  analysis,  however,  com¬ 
parison  between  USTAR2  predictions  and  experimen¬ 
tal  data  must  be  made  for  a  number  of  cases. 
This  paper  presents  some  of  the  preliminary  corn- 
par  1  sons  ■ 

The  USTAR2  model  is  a  two-dimensional 
Incompressible  formulation  which  Is  based  on 
state-of-the-art  methods  with  some  extensions. 
The  potential  flow  regions  near  the  airfoil  are 
modeled  using  the  doublet  panel  analysis  of 
Ashleyl^  which  consists  of  a  Green's  function 
representation  of  the  potential  tieiu  traulli..* 
from  the  motion  of  the  airfoil  and  the  presence  of 
associated  trailing  wakes.  This  potential  flow  Is 
based  upon  the  Laplace  equation  for  the  ve’.ocitv 
potential  ;(f,t' 

-  o  (!) 

which  is  valid  for  both  steady  and  unsteady  flow, 
bv  Green’s  theorem,  a  so  tut  ion  to  (1)  aav  be 
represented  by  integrals  over  the  “boundaries’  of 
the  flow  where  those  boundaries  are  replaced  bv 
surfaces  across  which  potential  jumps  occur. 
These  surfaces,  as  depicted  In  Figure  I,  are 
represenred  by  the  airfoil  surfaces  and  the  wake 
sheets  which  spring  from  the  trailing  edge  and  any 
separation  point.  With  Green's  theorem,  the 
disturbance  potential  at  any  flelJ  point  r,  due  to 
the  airfoil  and  wake  surfaces,  may  be  written  as 


C) 


where  o  and  A.$  are  doublet  distributions  on  the 
airfoil  and  wake  surfaces  S  and  W  respectively,  v 
is  the  surface  normal  at  the  source  point,  and  R 
Is  the  distance  separating  the  field  point  and 
source  point.  Boundary  conditions  Include  a  kine¬ 
matic  surfa-e  tangency  condition  given  by 

+  (u^  -  u,,)*n  -  0  on  S  (3) 

where  il.  and  ifs  are  the  freeatream  and  airfoil 
surface  velocities  respectively  and  rt  Is  the  out¬ 
ward  normal  to  the  airfoil  surface.  An  additional 
boundary  condition  Is  the  “trailing  edge  flow 
condition  ”  which,  in  the  present  model,  requires 
that  the  flow  direction  at  the  trailing  edge  be 
along  the  trailing  edge  bisector.  Equations  (2) 
and  (3)  are  solved  for  j  and  $  by  first  elimi¬ 
nating  ;  to  form  a  single  equation  In  j.  The  air¬ 
foil  and  wake  surfaces  are  then  discretized  to 
form  a  set  of  linear  algebraic  equations  In  terms 
of  the  unknown  a .  The  potential  5  Is  then 
obtained  from  (2).  The  pressure  distribution 
around  the  airfoil  is  obtained  fro®  the  unsteady 
Bernoulli  equation.  Details  of  this  analysis  are 
presented  In  reference^. 


’"’Igure  1.  Schematic  of  Boundary  (Vortex)  Sheets 
for  Unsteady  Pitching  Motion  with  Sepa- 
rat Ion 

The  primary  function  of  the  bounu.  r'  layer 
analysis  Is  to  predict  the  presence  and  ocatlon 
of  my  boundary  separat Ion  point  on  the  «,r.oil 
surface.  The  pressure  gradient  and  edge  velocity 
distributions,  which  are  used  in  boundary  laver 
calculation*,  are  obtained  from  the  potential  flow 
model  which  may  include  sheets  of  vortlcity  shed 
'  rom  the  boundary  laver  separation  point. 
Therefore,  a  strong  coupling  h«  ween  the  boundary 
laver  analysla  and  potential  flow  analysis  exists 
for  separated  flow  situations.  The  turbulent 
boundary  layer  analysis  used  In  the  prraent  work 
Is  essentially  that  due  to  Lyrlo,  Ferrlgcr,  and 
Kline*'*.  This  unsteady  Integral  technique 

gives  excellent  results  for  the  steady  flows  of 
Tillman,  Herring,  and  Norbutv;  Stratford.  Samuel 
and  Joubert  (see  Coles  and  llrst,  reference  17); 
Kim*1.  Simpson  and  St  r !  ck  L  nd  ‘  ;  and  Wteghardt 
(see  Kim,  reference  IB).  More  Importantly,  this 
net  hod  predicts  the  unsteady  Soundrv  laver  -data  of 
Karlson*'1  and  Houdevllle,  et  al.*1  anJ  compares 
well  with  the  finite  difference  methods  if 
McCrosVev  and  ’’hlllppe"  and  hinvleton  and  ‘.ash*  * 


while  being  an  order  of  magnitude  faster.  The 
formulation  for  the  laminar  portion  of  the  bound¬ 
ary  layer  Is  based  upon  the  author's  unsteady 
extension  of  Thwaltes'  method  (see  Ce'beccl  and 
Bradshaw^.  Transition  Is  assumed  to  occur  either 
due  to  laminar  boundary  layer  separation  or 
according  to  a  natural  transition  criteria  due  to 
Cebeccl  and  Solth-^. 

Experimental  Data 

An  abundance  of  data  for  steady  flow  over 
airfoils  exists  and  can  be  used  to  check  the  abil¬ 
ity  of  the  USTAR2  model  to  predict  such  flows. 
One  such  case  Is  shown  In  Figure  2  where  the  data 
of  Sheldahl  and  Kllmas^^  are  compared  with  USTAR2. 
Unateady  data  are,  on  the  other  hand,  relatively 
scarce.  In  the  present  paper  the  unsteady  experi¬ 
mental  data  consists  of  some  recently  obtained  data 
for  an  airfoil  undergoing  a  pitch  up  motion  from 
zero  angle  of  attack.  In  each  case  the  pitching 
rate,  a ,  remains  constant.  These  data  conslat  of 
airfoil  surface  pressure  data,  flow  visualization 
data,  and  surface  hot-wire  data.  All  data  were 
obtained  in  the  USAF  Academy  low-speed  2  ft  r.  3  ft 
wind  tunnel.  The  experimental  arrangements  will 
be  briefly  described. 


Figure  2.  Lift  and  Drag  Coefficient*  for  4 

NACA  'Km  Airfoil  with  Re  -  <'o 

Airfoil  surface  pressure  data  were  obtained 
bv  Francis,  ‘.eesee,  and  Xetelle*^.  Details  of  the 
test  setup  can  be  found  In  that  reference.  A  com¬ 
puter  controlled  pitch  oscillator  was  used  to 
Impart  constant  !  pitching  to  a  b-lnch  chord 

NACA  0012  airfoil.  Treasure  taps  were  located  at 
IN  positions  along  the  surface  of  the  airfoil. 

Approxlmat e 1 v  2^  repetitions  of  each  caae  were  run 
so  as  to  obtain  ensemble  averages  of  the  surface 
pressure  coefficients  at  the  pressure  ports. 
These  data  were  then  used  to  obtain  lift  and  drag 
coefficients  for  the  airfoil  as  a  function  of 
t  l  me  . 

Flow  v 1 sua 1 1 z at  1  on  data  were  ibfalned  bv 
ValVer,  Helm,  and  Strickland”  .  !  n  this  wori, 

the  flew  around  a  ''-Inch  chord  NACA  “"'l'  airfoil 
was  examined  vising  3  *mo»  e  wire  placed  across  the 


tunnel  upstream  of  the  pitching  airfoil.  The  wire 
was  placed  lti  a  plane  normal  to  the  axis  of  rota¬ 
tion  of  the  pitching  airfoil.  A  smoke  producing 
oil  (Roscoline)  was  coated  on  a  0.005  inch 
diameter  tungsten  wire  which  was  In  turn  heated 
electrically  to  produce  a  large  number  of  smoke 
streaks  in  the  flow.  These  streaks  have  a  rather 
uniform  spacing  due  to  the  regular  spacing  of 
smoke  material  droplets  which  are  formed  when  the 
wire  is  coated.  The  smoke  was  illuminated  by  a  LL 

high  Intensity  strobe  light  placed  downstream  of 
the  airfoil.  The  proper  sequencing  of  airfoil 
pitch  commands  with  strobe  light  and  smoke  wire 
triggering  was  accomplished  by  computer  control. 

A  35  mm  camera  looking  along  the  pitch  axis  was 
used  to  record  the  visual  data. 

In  the  work  by  Walker,  Helin,  and 
Strlckland^S,  a  NACA  0015  airfoil  with  a  6-inch 
chord  was  instrumented  with  an  array  of  hot-wires. 

As  indicated  in  Figure  3,  seven  hot-wires  were 
mounted  on  the  upper  surface  of  the  airfoil 
(suction  side).  The  hot-wire  sensing  elements 
(TSI-10  hot  films)  were  soldered  to  pairs  of 
number  9  sewing  needles  which  protruded  above  the 
airfoil  surface  approximately  0.20  Inches.  The 
needle  supports  in  turn  were  mounted  in  electri¬ 
cally  Insulated  plugs  which  were  machined  flush 


Figure  3.  Surface  Hot-Wire  Configuration 

with  the  airfoil  surface.  A  Tf.I  model  1050 
hot-wire  anemometer  system,  along  with  an  in- 
house  llnearixer,  were  used  to  obtain  velocity 
signals.  Approximately  25  repetitions  of 

each  case  were  run  to  obtain  ensemble  aver¬ 
ages  of  the  velocity  signal  from  each  probe. 

Discussion  of  Results 

Lift  and  drag  data  are  shown  in  Figure  4 
for  a  NACA  0012  airfoil  pitching  up  from  a 
ro  angle  of  attack  at  a  non-dimensional 
pitching  rate  K  of  0  089.  The  non-xero  lift 
coefficient  at  xero  angle  of  attack  is  due  to 
the  so-called  “pitch  circulation.”  The  slope 
of  the  lift  curve  in  this  substaJl  region  can 
be  seen  to  be  considerably  less  than  for  the 
steady  case  due  to  the  downwash  on  the  air¬ 
foil  produced  bv  the  vortex  sheet  springing 
from  the  trailing  edge.  The  results  from  a 

simple  analysis  given  In  Reference  29  ate 
seen  to  agree  with  the  experimental  lift  and 
drag  verv  well  up  to  and  a  little  beyond  rhe 
stall  angle  which  is  approximately  10  degrees 


O  Experimental 


Figure  4.  Lift  and  Drag  Coefficient  for  a 

NACA  0012  Airfoil  Pitching  Up  at 
Constant  a  about  the  31.7  Percent  Chord 
for  Re  -  77,700 

for  the  present  case.  The  USTAR2  analysis  is 
seen  to  predict  both  lift  and  drag  coef¬ 
ficients  reasonably  well  below  an  angle  of 
attack  equal  to  about  25-30  degrees.  The 
small,  abrupt  jumps  observed  in  the  USTAR2 

results  can  be  attributed  to  the  tendency  for 
the  boundary  layer  separation  point  to  “lock 
in"  on  surface  panel  edgea.  This  problem  can 

be  corrected  in  subsequent  versions  of  USTAR2 
by  making  minor  changes  in  the  procedures  for 
Introducing  "edge  velocities"  into  the  bound¬ 
ary  layer  subroutine.  The  lack  of  agreement 
at  high  angles  of  attack  is  thought  to  be 
partially  due  to  discrete  wake  vortex  core 
growths  which  are  excessively  large  in  the 
HSTAR2  analysis.  This  reduces  the  effect  of 
the  large  scale  vortex  which  grows  on  the 
suction  side  of  the  airfoil.  The  core  growth 

parameter  was  arbitrarily  selected  in  the 
past  and  should  be  reduced  to  represent  more 
realistic  growth  rates.  Examination  of 

presaure  coefficient  data  bears  out  the  fact 
that  the  influence  of  the  vortex  moving  over 

the  airfoil  Is  too  weak  In  the  USTAR2  analy¬ 
sis.  The  effect  nn  lift  for  two  different 
pitching  rites  is  shown  In  Figure  5.  Drag 
coefficients  for  the  cases  in  Figure  5  are 
similar  to  thor.e  measured  and  predicted  In 
Figure  4. 


©  experimental" 

_  calculated  USTAR2 
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Figure  5.  Comparison  of  Lift  Coefficients  for  a 
NACA  0012  Airfoil  Pitching  Up  at 
Constant  a  about  the  Jl.7  Percent  Chord 
for  Re  -  77,700  (K  -  ~  ) 

X> 

The  wake  geometry  obtained  from  the 
USTAR2  analysis  is  compared  in  Figure  6  to 
flow  visualization  data.  The  vortex  sheets 
obtained  in  the  USTAR2  analysis  basically 
represent  "streaklines"  in  that  most  of  the 
fluid  particles  which  make  up  these  sheets 
were  either  injected  into  the  flow  at  the 
leading  or  trailing  edge.  While  exact  com¬ 
parisons  between  visual  and  calculated 
results  are  difficult  to  .Jake,  it  does  apear 
that  the  predicted  large  scale  vortex  Is  not 
as  tightly  rolled  up  as  that  Indicated  by 
flow  visualization.  This  again  indicates 

that  the  discrete  wake  vortex  cores  are 
growing  at  excessive  rates  in  the  USTAR2 
analysis. 

Velocities  obtained  from  three  of  the 
seven  surface  mounted  hot-wire  probes  are 
shown  for  a  particular  case  in  Figure  7. 
Near  the  nose  of  the  airfoil  ( 7  Z  chord)  the 
velocity  measured  by  the  probe  rises  until 
the  probe  becomes  Immersed  in  the  separated 
boundary  layer  which  occurs  at  an  angle  of 
attack  of  about  19J.  The  probe  is  located 
above  the  airfoil  surface  about  32  of  a  chord 
length.  The  calculated  edge  velocity  drops 


much  sooner 

since 

the 

separated  vortex 

sheet 

passes  over 

the 

72 

chord  position 

almost 

immediately 

after 

the 

boundary  layer 

sepa- 

rates  from 

the 

nose . 

Therefore,  agreement 

between  experiment 

and 

analysis  is  at 

least 

qualitatively  correct  at  the  71  chord  posi¬ 
tion.  For  this  particular  flow  situation, 
the  experimental  work  indicates  that  a  signif¬ 
icant  region  of  reversed  flow  first  appears 
at  an  angle  of  attack  of  about  25  to  30 
degrees  somewhat  downstream  of  the  nose  (202 
chord).  The  magnitude  of  the  reversed  flow 
reaches  a  maximum  at  about  the  602  chord  and 
his  a  value  of  about  1.5  times  the  freestream 
velocity.  Further  downstream  (872  chord), 


Figure  6.  Wake  Geometries  Obtained  from  Flow 
Visualization  and  USTAR2  (a  -  45°, 

K  •  0.109,  Re  ■  62,500,  Pivot  Point  ■ 
0.25  Chord,  NACA  0015) 

the  reverse  flow  due  to  the  initial  large 
scale  vortex  passage  is  reduced  and  occurs  al 
a  higher  angle  of  attack.  As  can  be  seen 
from  Figure  7,  results  obtained  from  the 
USTAR2  analysis  at  602  chord  are  in  poor 
agreement  with  the  experimental  daca  above  an 
angle  of  attack  of  25  degrees.  The  predic¬ 
tion  of  reversed  flow  due  to  the  vortex 
passage  lags  that  of  the  measured  data  by  a 
considerable  length  of  time.  The  Immediate 

reasons  for  this  lag  are  not  clear,  but  may 
also  be  associated  with  an  Incorrect  discrete 
vortex  core  growth  rate. 


Figure  7.  Velocities  Obtained  from  Surface  Moun¬ 
ted  Hot-Wire  Anemometers  (K  ■  0.089, 
Re  -  62,500,  Pivot  Point  -  .317  Chord, 
NACA  0015) 

Conclusions 

Preliminary  results  from  the  USTAR2  anal¬ 
ysis  are  encouraging,  but  indicate  that 
additional  requirements  are  necessary  for 
satisfactory  predictions  at  large  angles 
of  attack  for  the  cases  studied.  In-depth 
correlations  between  the  surface  pressure 
data,  flow  visualization  data,  and  surface 
velocity  data  should  be  made  in  order  to  more 
completely  understand  the  constant  j  flows 
used  in  this  paper  to  test  the  validity  of 
the  USTAR2  analysis. 
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Abstract 


Introduction  and  Objectives 


•Experiments  on  turbulent  boundary  layers  sub¬ 
jected  to  controlled  unsteadiness,  have  beesf'per- 
formed  in  a  special  water  channel.  The  flow  is 
steady  in  the  development  section  upstream  of  the 
unsteady  test  section,  where  the  boundary  layer  is 
subjected  to  an  oscillating  adverse  free-stream 
velocity  gradient  sufficient  to  induce  flow  rever¬ 
sal  near  the  wall.  Measurements  of  the  mean, 
oscillatory,  and  turbulence  components  of  the 
streamwise  velocity  in  the  boundary  layer  indicate 
that  the  mean  velocity  and  mean  turbulent  stresses 
are  unaffected  by  the  oscillation,  whereas  the 
periodic  components  of  these  quantities  are 
strongly  dependent  upon  frequency.  At  low  frequen¬ 
cies  the  boundary  layer  behaves  quasistatic ly;  at 
intermediate  frequencies  the  boundary  layer  behav¬ 
ior  correlates  with  the  Strouhal  number  based  on 
the  length  of  the  unsteady  region;  and  at  high 
frequencies  the  outer  region  of  the  boundary  layer 
noves  as  .1  slug  while  the  sublayer  behaves  as  a 
Stokes  layer  described  by  laminar  equations. 

Reverse  flows  occur  in  this  Stokes  layer,  but  the 
boundary  layer  remains  thin  and  hence  attached  to 
t he  surface.  Although  the  boundary  layer  would 
separate  from  the  surface  at  zero  frequency, 
separation  is  prevented  by  rather  slow  oscilla¬ 
tions,  and  hence  unsteadiness  can  be  used  as  a 
neans  for  separation  control. 

Nomenclature 
\i  amplitude  of  u 

K  *  (  ./Ug)(dUj;/dx) ,  acceleration  parameter 

L  length  of  unsteady  region,  0.61  m 

a  * Ix/v  ,  Stokes  layer  thickr.ess,  m 
P l  (1  phase  of  u 

K  .  “  U •$'■'/ momentum  thickness  Reynolds  Number 

Slx 

St.  #yu0 

u  streamwise  velocity,  m/s 

u  periodic  component  of  u 

u  -  U,  mean  component  of  u 

uo  3  *  u,  phase  average  of  u 
’’p  local  tree-stream  velocity,  m/s 

!'0  tree-stream  velocity  at  start  of  the 

unsteady  region,  m/s 
x  streamwise  coordinate,  m 

x,}  x  it  start  of  the  unsteady  region,  m 
X’  -  (x  -  xq)/L 

Y  distance  train  surface,  m 

*  D  , ,  bound  irv  layer  thickness  (Vies),  m 
kinematic  viscosity,  m“'-, 

.  frequency,  rad/s 


Unsteady  turbulent  boundary  layers  have  many 
important  applications.  Prediction  of  the  behavior 
of  such  boundary  layers  requires  models,  which  need 
physical  Insight  for  their  development  and  sound 
data  for  their  evaluation.  The  Stanford  unsteady 
bound? ry  layer  research  program  is  designed  to  meet 
this  need. 

The  objective  of  this  program  is  the  develop¬ 
ment  of  understanding  of  unsteady  turbulent  bound¬ 
ary  layers  and  the  collection  of  definitive  data 
for  the  development  and  evaluation  of  predictive 
models.  This  paper  summarizes  results  pertinent  to 
this  workshop;  for  full  details  see  Ref.  (1). 

Experimental  System 

The  experiments  are  performed  in  a  special 
water  channel  shown  in  Fig.  1.  Water  was  chosen  as 
the  working  fluid  for  ease  of  flow  visualization, 
laser  anemoraetry,  and  control  of  unsteadiness  over 
a  wide  range  of  pertinent  frequencies. 

A  unique  feature  of  our  apparatus  Is  the 
maintenance  of  steady  flow  In  the  region  upstream 
of  the  unsteady  flow  test  section.  This  makes  the 
boundary  layer  entering  the  test  section  a  stan¬ 
dard,  two-dimensional,  flat-plate  turbulent  bound¬ 
ary  layer,  and  gives  the  modeler  a  very  well  known 
inflow  condition.  The  unsteady  flow  takes  the  form 
of  oscillation  (or  step  change)  in  the  free-stream 
velocity  gradient  between  zero  (flat  plate)  and  an 
adverse  condition. 

In  order  to  .maintain  the  desired  steady  flow 
upstream  of  the  unsteady  test  section,  the  channel 
flow  rate  must  be  held  constant.  This  is  accom¬ 
plished  by  presenting  a  constant  resistance  to 
the  flow  and  by  fixing  the  Inlet  and  discharge 
pressures.  The  fixed  resistance  is  provided  bv 
slots  In  the  discharge  plate  (osc.  plate  In 
Fig.  1),  and  a  constant-head  tank  and  open  lump  fix 
the*  pressures. 

The  unsteady  behavior  in  the  test  section  Is 
created  by  control  of  the  way  in  which  the  f  iuiJ 
leaves  the  test  section.  A  bleed  plate  on  the 
channel  wall  opposite  the  test  surface  and  i  simi¬ 
lar  plate  it  the  end  of  the  recovery  section  can  be 
used  to  remove  all  or  part  of  the  flow.  By  oscil¬ 
lating  the  slotted  flow-control  plate  hack  and 
forth,  the  relative  amounts  of  flow  extracted 
through  these  two  bleed  plates  is  oscillated,  while 
maintaining  the  total  flow  fixed,  md  tals  provides 
the  controlled  unste  idiness .  With  a  uniform  exit 
bleeJ  from  the  wall  opposite  the  test  boundary 
liyer,  the  free-stream  velocitv  seen  by  the  test 
bound  irv  layer  decreases  llneirly  In  the  downstream 
11  feet  Ion,  md  with  no  opposite-wall  bleed  the 
free — stream  velocitv  remains  uniform.  Menre,  the 
(nonlnil)  behavior  of  the  free-streim  Velocity  seen 


by  the  test  boundary  layer  Is  as  shown  In  Fig.  2. 
The  actual  variation  deviates  slightly  from  this 
design  target,  as  we  shall  discuss  shortly. 

The  inlet  section  was  carefully  developed  to 
produce  a  very  two-dimensional,  quiet  inlet  flow. 
Boundary  layer  suction  removes  the  nozzle  boundary 
layers,  and  suction  from  the  wall  opposite  the  test 
surface  is  used  to  maintain  a  uniform  free-stream 
velocity  over  the  test  surface  in  the  developing 
region.  The  side-wall  boundary  layers  are  removed 
at  the  entrance  to  the  test  section,  the  intent 
being  to  maintain  two-dimensionality  of  the  flow  in 
the  unsteady  test  section  and  downstream  recovery 
region  (see  Ref.  1  for  documentation). 

Measurements  of  the  streamwise  velocity  compo¬ 
nent  have  been  made  using  a  single-component  DISA 
Laser  Doppler  Anemometer  with  tracker.  The  LDA 
signals  are  prefiltered  to  remove  bias  noise  and 
then  examined  in  real  time  with  a  dedicated  MINC 
microcomputer.  The  mean,  turbulence,  and  periodic 
components  of  the  signal  are  extracted,  and  then 
time-averages  and  phase-averages  of  these  quanti¬ 
ties  are  formed.  A  shaft  position  encoder  on  the 
oscillating  plate  provides  the  timing  signals 
required  for  phase  averaging  at  512  points  in  each 
cycle. 

Great  care  has  been  taken  to  make  this  a  qual¬ 
ity  experiment.  For  example,  the  water  temperature 
is  maintained  to  within  0.5  °F  of  a  set  temperature 
by  continuous  refrigeration,  an  important  feature 
chut  enables  stable  long-term  operation.  The  water 
is  filtered  to  5  microns  to  control  the  particle 
size  (important  for  LDA).  Accelerometer  measure- 
nents  and  analysis  have  assured  that  there  are  no 
vibration  problems.  All  measuring  equipment  has 
been  carefully  calibrated  and  these  calibrations 
have  been  periodically  checked.  Degradation  of  the 
flow  due  to  algae  growth  can  be  detected  by  appro¬ 
priate  velocity  measurements,  and  has  been  elimi¬ 
nated  by  a  program  of  preventative  cleaning  and 
witer  refreshing. 


The  experiments  were  run  at  a  number  of  fre¬ 
quencies  over  the  range  0. 1-2.0  Hz.  The  boundary 
layer  parameters  at  the  entrance  to  the  unsteady 
region  for  these  experiments  were: 


Free-stream  velocity  UQ 
Coles'  boundary  layer  thickness  5 
Displacement  thickness  6 
Momentum  thickness  9 
Shape  factor  H 

Momentum  thickness  Reynolds  No.  Rg 
Friction  coefficient 
Kinematic  viscosity  v 


0.732  m/s 
3.55  cm 
0.59  cm 
0.42  cm 
1.42 
2790 
0.00322 

1.09xl0'6  m2/s 


Measurements  were  made  at  four  streamwise  locations 
designated  by  X’.  The  data  cover  the  Strouhal 
number  ranges 


0.039  <  St5  <  1.54 
0.22  <  Stx  <  15.7  . 


The  oscillating  plate  mechanism  produces  a 
free-stream  velocity  oscillation  that  is  very 
nearly  sinusoidal,  and  the  resulting  boundary  layer 
response  is  essentially  sinusoidal,  so  for  purposes 
of  this  discussion  we  shall  treat  them  as  such.  We 
decompose  the  velocity  into  three  components. 


u  *  u  +  Q  f  u’ 


where  u  is  the  time-average,  >3  is  the  oscillating 
component,  and  u'  is  the  turbulence.  The  time- 
average  is  extracted  by  averaging  over  a  large 
integer  number  of  cycles,  and  the  oscillating  com¬ 
ponent  is  extracted  by  averaging  over  a  large 
number  of  cycles  at  the  same  phase  angle.  See 
Ref.  1  for  procedural  details. 

Ref.  I  and  its  associated  microfiche  contain 
approximately  1000  graphs  and  tables  of  data  from 
these  experiments.  A  digital  tape  for  use  by 
modelers  is  also  available. 


Free-Stream  Dynamics 


The  entire  experiment  operates  under  the  con¬ 
trol  of  the  MINC  computer,  which  sets  the  frequency 
ot  oscillation,  positions  the  LDA,  and  acquires  and 
processes  the  data.  This  enables  us  to  program 
continuous  runs,  which  is  necessary  because  of  the 
long  time  of  data  acquisition,  especially  at  low 
frequencies.  Continuous  production  operation  for  a 
week  or  two  is  now  common. 

')ur  first  major  report  (Ref.  1)  describes  the 
extensive  qualification  experiments  that  were  made 
t>  establish  the  two-dimens  lonal  Ity  of  the  flow, 
the  steadiness  of  the  upstream  region,  and  the 
reliability  of  the  unsteady  data.  These  will  not 
he  repeated  here. 

Experiments 

To  date  three  groups  <f  experiments  have  been 
conducted,  tv>  with  frequency  oscillations  and  one 
with  step  changes.  The  luw-3mpl itude  oscillation 
ml  step  experiments  do  not  produce  flow  reversal. 
The  hlgh-aapl I tude  step  experiment  does  show  flow 
reversal,  is  will  a  hlgh-amplitude  step  experiment 
iow  In  progress.  In  this  paper  we  shall  report 
>n  ly  on  those  aspects  of  the  hlgh-amplltude  oscil¬ 
lation  experlaent  of  relevance  to  this  workshop  and 
sow  conclusions  that  are  Independent  of  amplitude. 
The  ascii  lit  Lon  experiments  ire  described  In  full 
in  Ret.  -nd  In  l  orthco  ning  Journal  publicities. 


Figure  3  shows  the  time-average  free-stream 
velocity  in  the  test  region  over  the  range  ot  fre¬ 
quencies.  Note  that  the  free-stream  velocity 
gradient  Is  linear  as  Intended  and  essentially 
Independent  of  frequency.  The  acce lerut ion  parame¬ 
ter  corresponding  to  this  gradient  Is 

dU  . 

K  -  —  -  -1.95.11)-°  . 

V~  dx 
o 

This  represents  i  strong  adverse-pressure  graulent 
for  which,  in  a  steadv  flow,  one  would  expect  the 
development  of  i  separation. 

An  Important  observation  Is  thit  the  hound.tr v 
layer  remained  attached  during  all  of  these 
unsteady  experiments.  However,  when  we  set  the 
frequency  to  zero  (at  the  me  in  free-strewn  gradient 
shown  In  Fig.  3)  a  sopor  it  Ion  builds  up  over  a 
period  of  a  minute  ir  so,  and  the  boundary  layer 
leaves  the  surf  ice  mJ  never  reattaches  In  the  test 
section.  Therefore,  we  could  not  conduct  experi¬ 
ments  at  .yro  frequency  for  this  case  (we  could  mJ 
did  for  the  lower- aapl  it  ide  c  is.*  (see  Ret.  1).  It 
Is  interesting  that  sepiritlm  Is  prevented  In  -»ur 
experiment  it  the  lowest  >peritlng  Strouhal  \  itn- 
he  r  s . 


Figure  A  shows  the  amplitude  of  the  unsteady 
component  In  the  free  stream.  Note  that  the  ampli¬ 
tude  grows  linearly  from  the  start  of  the  test 
section,  as  per  the  design  target  (Fig.  2). 

However,  unlike  the  design  target  the  phase  of  this 
variation  is  not  constant  In  the  streamwlse  direc¬ 
tion.  Figure  5  shows  the  phase  lag;  note  that  the 
lag  decreases  downstream  In  the  test  section,  and 
over  the  second  half  of  the  unsteady  region  Is 
very  small  at  all  frequencies.  These  phase  lags 
are  probably  not  Important  In  discussing  the 
qualitative  aspects  of  the  boundary  layer  behavior, 
but  probably  should  be  considered  by  modelers  com¬ 
paring  a  prediction  to  the  data. 

Time-Averaged  Behavior 

Figure  6  shows  the  time-average  velocity  pro¬ 
files  In  the  boundary  layer  near  the  end  of  the 
unsteady  section.  The  scales  are  staggered  to 
prevent  confusion;  when  these  data  are  laid  on  top 
of  one  another,  very  little  difference  can  be  seen, 
indicating  that  the  mean  velocity  profile  Is  essen¬ 
tially  unaffected  by  the  oscillation  frequency. 

Figure  7  shows  the  time-average  of  the  stream- 
wise  component  of  Reynolds  stress,  normalized  on 
tiie  local  free-stream  velocity  at  the  outer  edge  of 
the  boundary  layer,  near  the  end  of  the  unsteady 
section.  Again  we  see  that  the  time-average  turbu¬ 
lence  profiles  are  essentially  all  the  same,  Indi- 
citlng  no  significant  effect  of  the  oscillation  on 
the  tine-averaged  turbulence. 

The  observation  that  the  time-average  flow  Is 
not  s ignl f leant Ly  affected  by  the  oscillation  Is 
consistent  with  other  recent  observations  In 
onstouiy  boundary  layers.  It  also  explains  why 
prediction  methods  based  on  steady  flow  models 
often  do  very  well  In  predicting  transitory  stall 
phenomena. 

Unsteady  Component 

Figure  S  shows  the  amplitude  of  the  unsteady 
component  it  the  end  of  the  test  section,  normal¬ 
ised  on  the  tree-stream  amplitude.  Here  a  signifi¬ 
cant  virlttion  with  frequency  is  seen.  Note  that 
it  Low  frequencies  the  amplitude  Is  greater  In  the 
boundary  layer  thin  In  the  free  stream,  by  over  a 
:  i: tor  of  2  it  0.1  Hz.  At  high  frequencies  the 
amplitude  is  unltorra  over  most  of  the  layer,  lndl- 
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Flgure  10  shows  the  phase-average  profiles  at  2  Hz 
over  a  portion  of  the  cycle.  Note  that  the  lowest 
three  curves  display  reversed  flow  near  the  wall. 

At  this  frequency  and  location  the  flow  reversal 
occurs  from  about  130°  to  210°,  and  is  greatest  at 
about  165°,  consistent  with  the  phase  lead  shown  In 
Fig.  9. 

Flow  Regimes 


Analysis  of  the  governing  equations  and  the 
data  suggests  that  there  are  three  regimes  of  flow 
In  unsteady  boundary  layers.  These  can  be  ex- 
nrersed  In  terms  of  the  time  scale  for  the  oscilla¬ 
tion, 

T0  -  \U 

the  time  scale  for  the  unsteady  region, 

TU  ■  <*  -  V/,J0 

and  the  time  scale  for  the  large  eddies 
Te  -  !/U0  • 

The  -ratios  of  these  time  scales  define  the  two 
pertinent  Strouhal  numbers, 


When  T^  Is  long  compared  to  Tu  and  Tfi ,  both 
the  overall  flow  and  the  eddies  have  time  to  re¬ 
spond  to  the  change,  and  the  flow  behaves  quasi- 
staticly.  Since  the  zero-frequency  flow  here  Is  a 
separated  flow,  and  the  oscillating  flows  are  not, 
it  would  seem  that  this  regime  was  not  reached  in 
the  experiments,  and  hence  that  the  quaslstatlc 
regime  requires  Strouhal  numbers  at  least  as  low  as 


Sts  <  0.04  Stx  <  0.2  . 


When  Tq  Is  comparable  wlrh  Tu  but  long  com¬ 
pared  to  Tg,  the  eddies  have  time  to  respond  and 
the  entire  boundary  layer  should  reflect  the  influ¬ 
ence  of  the  oscillation.  As  a  result,  Integral 
quantities  such  as  the  displacement  thickness  vary 
throughout  the  cycle.  The  equations  (Ref.  1)  sug¬ 
gest  that  the  behavior  should  correlate  on  Stx- 
Figure  11  shows  t he  displacement  thickness  as  a 
function  of  Stx,  normalized  by  the  amplitude  of  the 
tree-stream  fluctuation,  for  the  full  set  of  hlgh- 
anpll  tilde  and  low-amplitude  osc  1 1 1  it  ions.  Note 
that,  for  O.S  <  Stx  <  3  the  correlation  on  Stv  is 
excellent,  indie  it  lug  that  Stx  is  indeed  the  cor¬ 
rect  correlating  parameter  tor  this  range  of  flows 
(a  similar  plot  vs  St,  does  not  collapse  the  data). 
Note  also  that  »t  higher  frequencies  the  displace¬ 
ment  thlcknejs  virlitlon  becomes  independent  of 

sv 

When  T  Is  short  compared  to  7 t ,  l.e.,  St,  Is 
sufficiently  high,  the  eddies  do  not  have  time  to 
respond  to  the  oscillation.  Our  dull  suggest  that 
this  occurs  ipproximnte ly  for  St,  ’  O.S.  It  Is  in 
this  region  that  the  d l splaceneot  thickness  becomes 
Independent  of  St^. 

Analysis  of  the  equations  of  mot l  in  {Re  .  I, 
suggest  that  at  high  frequencies  the  1  mi  in  r  Stokes 
equations  should  le scribe  the  unsteidv  -opponent  in 
the  hmin.ltr.'  layer,  ind  we  Juice)  :tn>l  this  t>  *>.- 
the  case.  Figure  12  shows  the  i~.pl  it  nle  it  the 
periodic  component,  n>r~ult*ed  m  the  free — itreii 
.•.•licit'.-  imp  lit  ode  ,  plotted  ;s  the  <1  i  1.  ■  t  >’l  1  ••  s  S 
it  >ses  coordinate  «  ..  ’.  >t  <•  the  excellent 

>1 1  ipse  »t  the  !  it  i  •  >r  i  wi  le  rm.v  > !  it  ^  m  l 
the  excel!.'  It  I'gi'e  Vl(  >'  t  .e.e  ll!  1  W 1  t  'l  the 


analytical  solution  of  the  Stokes  equation, 
same  holds  for  the  phase  (fig.  13). 


The 


We  conclude  that  the  flow  reversal  encountered 
at  high  frequencies  is  simply  the  Stokes  layer 
response  of  the  viscous  region  near  the  wall,  and 
that  the  dynamics  of  this  layer  is  not  coupled 
significantly  to  the  turbulence  for  St^  >  0.5. 

Concluding  Remarks 

Three  regimes  of  boundary  layer  behavior  in 
unsteady  flow  have  been  identified,  and  bounda:ies 
for  these  regimes  suggested.  Important  work 
remaining  to  be  done  includes  direct  measurement  of 
the  turbulent  shearing  stress  in  unsteady  boundary 
layers  and  direct  measurement  of  the  wall  shear 
stress.  We  are  now  beginning  to  conduct  these 
measurements  at  Stanford,  and  in  addition  are 
exploring  the  interesting  case  of  a  sudden  step 
change  in  more  detail.  We  hope  to  extend  our  pro¬ 
gram  to  three-dimensional  unsteady  effects  in  the 
future. 
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^ure  ■) .  Amplitude  of  the  periodic  component  of 
velocity  In  the  boundary  layer 


Figure  Phase  of  the  periodic  component  of 
velocity  In  the  boundary  layer 
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Figure  11.  Amplitude  of  the  periodic  component  of 
the  displacement  thickness,  normalized 
on  the  amplitude  of  the  free-stream 
velocity  oscillation,  for  all  oscilla¬ 
tory  experiments 
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Figure  12.  Amplitude  of  the  periodic  component  In 
the  Stokes  layer,  normalized  on  the 
amplitude  of  the  free-stream  velocity 
oscillation,  for  all  high-frequency 
oscillatory  experiments 
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Abstract 

Unsteady  separation  is  a  problem  of 
areat  technical  importance  but  with  little 
basic  understanding.  A  very  limited  a- 
mount  of  experimental  data  is  available 
because  of  the  difficulties  involved  in 
measuring  the  temporally  evolving  separat¬ 
ed  flows.  In  this  presentation  we  first 
examine  the  flow  field  of  a  downstream 
moving  separation  in  detail  and  then  we 
explore  the  possibility  of  applying  the 
learned  physical  mechanism  to  the  upstream 
moving  separation  problems  and  to  the  un¬ 
steady  separation  on  a  lifting  surface.  u 

Introduction 


The  unsteady  separation  was  recogniz¬ 
ed  to  be  intrinsically  different  from 
steady  separation  in  the  mid  1950's.  Rott} 
Sears^  and  Moore^  pointed  out  that  the 
vanishing  of  the  wall  shear  stress  could 
not  be  the  criterion  for  unsteady  separa¬ 
tion.  Instead  separation  should  occur  at 
the  zero  shear  stress  location  in  a  co¬ 
ordinate  system  convected  with  the  separa¬ 
tion  speed.  This  has  been  called  the  MRS 
•criterion  since  then.  The  obvious  problem 
rn  this  criterion  is  that  the  separation 
speed  is  not  known  a  prior i .  Larcje  amounts 
j f  theoretical  effort  have  been  spent  on 
this  challenging  topic.  The  most  complete 
summary  is  the  monograph  by  Teleionis.** 
Extensive  experimental  works  are  available 
in  studying  the  effects  produced  by  un¬ 
steady  separation  on  lifting  surfaces.-* 
Experimental  investigations  on  the  proc-- 
esses  involved  in  unsteady  separation  how¬ 
ever  a re  very  few.  The  main  problem  is 
*hat  the  velocity  field  needs  to  be  well 
locumentod  but  severe  limitations  exist  in 
measuring  the  time  evolving  separated 
velocity  field.  Reparation  usually  in¬ 
volves  two  or  even  three  spatial  variables. 
In  the  unsteady  case,  Lime  is  an  addition¬ 
al  variable.  Therefore  the  measurements 
re-.tuirv  the  use  of  many  probes  as  well  as 
large  .»nd  fast  data  s  to  rage  systems.  Fur¬ 
thermore,  reverse  flv  occurs  in  most 
separations  and  the  well  '.  *ve  loped  hot 
wire  aner.oret  ry  cannot  be  ;se  l  to  measure 
the  reverse  flow.  Therefore  the  laser 
Puttier  velocireter  is  needed .  These  iif- 
:  i  c.j  It*  s  s  i  ;rc  :  leant  !y  hamper  the  pr  ;- 
res*  i  n  the  technically  :m;  o:  tan :  ur.stea  iy 
a  rat  ton  problem. 

1  n  t h : p :  e s e r. t  .it  1  < . n  we  will  first 
::  scuss  the  unste  t.iy  s«-p.tr.tf  ion  which  •••- 

sttuati  u,  the  mst  antur-.e  us  v«‘  1  city  an  : 


the  surface  pressure  fluctuations  were 
surveyed  in  detail.  The  data  clarified 
several  important  issues.  The  detachment 
point  in  this  flow  moves  downstream.  We 
then  attempted  to  apply  the  mechanisms 
learned  from  the  downstream  moving  detach¬ 
ment  point  to  a  case  of  upstream  moving 
detachment  point,  e.g.  separation  on  the 
cylinder  or  the  airfoil.  The  results  are 
promising . 

Unsteady  Separation  With  Downstream  Moving 
Detachment  Point 

Moore ^  pointed  out  that  the  flow  re¬ 
versal  will  not  occur  in  a  situation  with 
the  downstream  movina  detachment  ooint 
(Fig.  1). 


SEPARATION  POINT 


I ’ i  ; .  1.  Separation  with  downstream,  moving 
detachment  point  Moore  1958'. 

This  advantageous  characteristic  allows  us 
to  investigate  the  velocity  in  -reat  de¬ 
tail  by  using  hot-wire  probes.  An  inter¬ 
esting  unsteady  separation  Occurred  in  the 
impinging  jet  case.  When  the  coherent 
structure  in  the  ;et  shear  layer,  the  pri¬ 
mary  vortex,  approaches  the  wall,  a 
counter-rot  at  mg  secondary  vortex  inside 
the  viscous  region  is  induced  by  the 
perturbations  in  the  ir.viscid  region  Fi  :. 
2).  The  ejection  of  the  secondary  •■orte.x 
makes  the  boundary  abruptly  thicker. 

After  the  passing  o:  the  vortices  the 
bo v pda r y  bee ose u t  t. a o i : e  i . 
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process  and  significantly  modify  the  ae.o 
dynamic  properties  of  the  unsteady  air¬ 
foils. 


Acknowledgment 

The  author  would  like  to  thank  N. 
Didden  and  S.H.  Chen  Tor  their  great  help 
during  the  course  of  this  research. 

The  work  is  supported  by  AFOSR  Con¬ 
tract  No.  F49620-32-K-0019. 

References 

1.  Rott,  N.  Unsteady  Viscous  Flow  in 
the  Vicinity  of  a  Stagnation  Point. 

0.  App  1 .  T-iafh.  13  ,  444-45,  (1956). 

2.  Sears,  W.R.  Some  Recent  Development 
in  Airfoil  Theorv.  J.  Aeroso.  Sci . 
23,  450-499  (1956). 

3.  Moore,  F.K.  On  the  Separation  of  the 
Unsteady  Laminar  Boundary  Layer. 
Boundary- Layer  Research  ec: .  H .  G . 
Gor*ler,  oo.  2 9 ^ - ? 1 0  Berlin,  Springer 
:  1  9  -  3  .  . 

4.  Tel  ion  is,  D.P.  Unsteady  Viscous 


Flows,  Springer 

,  Mew  York 

i  1 3  S 1 )  . 

McCroskey,  W.J. 

Unsteady 

Airfoils. 

Ar.n .  Rev.  Fluid 

Mech .  1_4  , 

285-311 

PMjTTT 

<5.  Bidden,  N.  and  Ho,  C.M.  Unsteady 
Separation  m  the  Boundary  Layer 
Produced  by  an  Impinqinu  Jet.  In 
preparation . 

Bouard,  R .  and.  Ccutanceau,  M.  The 
Earl'.’  Stage  of  Development  of  the 
Wake  Behind  an  Impulsively  Started 
Cv tinder  for  4  0  Re  10“*.  J.  Fluid. 

Vech .  m  ,  5 3  3  -  v  0  7  ( 1  $  8  0  . 

a.  dopes,  G.S.,  Telionis,  D.P.  and  :arbi, 
Separation  and  Wake  Interaction 
of  a  Pulsating  Laminar  Flow.  AIAA 
Paper  Mo.  3  1  -005  1 

K  Ho,  C.V..  and  Huang,  L.S.  Subhirmon- 
ics  and  Vortex  Vera  mg  in  Mixing 
La  ye  r  s  .  d  ,  Flu;  Mech .  yj> ,  4  4  I  -  4  '  3 


I'.  Ho,  C.M.  in:  Chon,  S.H.  Unsteady 
Separation  of  j  Plunging  Airfoil. 

1 9 a 4  AIAA  Aerospace  Science  Meeting. 

11.  McAlister.  . K .  and  Carr,  L.W.  Water 
Tunnel  Visualizations  of  Dynamic 
.•■-all.  Nonsteadv  Fluid  ivnanies  oi. 

; .  0 .  F .  .Miller,  77 A .'  ,  r p 103-110 
;  ..  .  AS  ME ,  New  York  ‘  i  0  ~  3  '  . 


